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Abstract
The aim of this project is to fabricate highly efficient grating couplers in thin-film 
silicon-on-insulator (SOI) wafers, which have a silicon (Si) thickness of the order of 1 
pm. These thin-film waveguides allow the development of higher speed Si optical 
modulators, sensors and vertical surface coupling for Si light emitting diodes (LEDs), 
Hence, SOI rectangular and blazed grating couplers were fabricated where the buried 
oxide layer in SOI was designed as a reflective layer. The former gratings were 
fabricated by electron beam lithography followed by reactive ion etching, while the 
latter gratings were fabricated by angled argon ion beam etching. Both types of grating 
were designed at the diffraction order of - 1 ,  for a wavelength of 1.3 pm. The 
fabricated rectangular gratings have grating heights o f 0.14, 0.23, 0.30 and 0.44 jam 
and a pitch of 0.40 pm, whereas the sawtooth blazed gratings have a grating depth of 
0.08 pm and a period of 0.38 pm. To our knowledge, no Si blazed gratings with a 
pitch of less than 500 nm have been fabricated before.
The SOI rectangular grating couplers yield a maximum output efficiency of 71 ±  5 %  
towards the superstate, while the blazed grating couplers produce an output efficiency 
of 84 ±  5 %  towards the substrate. These experimental output efficiencies are the 
highest yet reported in SOI for each grating profile, respectively.
In addition, an optical loss of 0.15 ±  0.05 dB/cm of Unibond SOI was measured for 
the first time. Furthermore, the experimental output efficiencies of the grating couplers 
with various grating heights were found to be consistent with perturbation theory.
Thus, our aim of designing and fabricating an highly efficient thin film SOI waveguide 
grating coupler has been achieved. These grating couplers may enhance the 
applications of integrated optics in Si, and may allow the development of devices such 
as those mentioned above.
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Chapter 1
Introduction
Optical waveguides are the basic building block for integrated optical circuits around 
which devices such as modulators, switches and wavelength division multiplexers can 
be fabricated. The devices therefore need light to be coupled into the circuits and three 
coupling methods, as shown in Fig. 1.1, are commonly used for coupling light into the 
waveguides.
Input or fibre
Input beam
Fig. 1.1 (a) End-fire coupling (b) Prism coupling (c) Grating coupling
The method shown in Fig. 1.1 (a) is known as end-fire coupling where a lens or optical 
fibre is used to couple the beam directly into the end of the waveguide. This method is 
the simplest way of coupling light into a waveguide, but, it usually requires the
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waveguide to be end polished and it becomes inefficient when the waveguide has a thin 
guiding layer (of the order of 1 pm). Fig. 1.1 (b) shows a method called prism 
coupling. As the name suggests, a prism is used to couple light into the waveguide. 
This method has the advantages of being mode selective, and of coupling light into a 
waveguide which is buried within the integrated optical circuits, where the end face of 
the waveguide is not exposed. However, it is necessary to use a prism that has a higher 
refractive index than the guiding film of the waveguide, which can be difficult for 
silicon-on-insulator (SOI) waveguide which has the refractive index of silicon (Si) of 
3.5. Moreover this coupling method is cumbersome for integrated optics applications 
and it is essential for the prism to be held tightly onto the waveguide surface and this 
increases the possibility of the waveguide surface being damaged. Fig. 1.1 (c) shows 
another way of coupling light into a waveguide where a grating coupler, which has a 
periodic structure, is fabricated on the surface of the waveguide. The grating coupler 
can be efficient for coupling light into a thin film waveguide (even < 1 pm). It is 
compact for integrated optical applications and has the advantages of prism coupling.
Silicon-based guided-wave optics has demanded attention because of the possibility of 
expansion of broadband network delivered to the business/home [1-2]. Integrated 
optical transceivers intended for optical networks, such as local area networks and 
fibre to home connections can be fabricated using SOI technology [3].
Integrated optics in SOI usually utilises a silicon layer of several microns in thickness, 
in order to ensure high efficiency coupling between external devices such as optical 
fibres and lasers. However, because the only efficient optical modulation mechanism in 
silicon is via the injection of free carriers [4-6], this relatively large silicon layer results 
in modulators limited to a few tens of MHz [7-8]. An alternative method of efficiently 
coupling to thin silicon layers will result in higher speed modulators [9]. Grating 
couplers offer such a possibility. Hence, our aim in this work is to design and fabricate 
an highly efficient thin film SOI waveguide grating coupler which can be developed for 
low cost high-speed modulation in Si-based optoelectronics.
2
Waveguide grating couplers have been widely used for integrated optics applications 
as input or output devices. To have an high output efficiency, the output beam of the 
output coupler should be radiating into either the upper air or lower substrate, at a 
specific diffraction order [10]. However, for a simple symmetrical grating, which is 
usually a rectangular or sinusoidal profile, the output beam is typically divided equally 
between the air and substrate regions and hence the maximum efficiency is limited to 
5 0 %  [11].
Methods to divert most of the output beam to the desired region and hence maximise 
the efficiency, include the use of blazed gratings which utilise sawtooth [12-16] and 
parallelogramic profiles [17-19] and the use of single [20-21] or multi-layered 
reflective claddings [22].
Rectangular gratings incorporate with a reflective buried layer in SOI were predicted 
to have an output efficiency of >  50 % towards the superstrate [20-21], while 
sawtooth blazed grating couplers are typically known to have almost twice the output 
efficiency of the rectangular gratings, due to the blazing effect [12-16].
Unibond SOI wafers were chosen for fabricating our grating couplers because they 
allow us to select the Si film and the buried S i02 layer thickness’ and hence give 
greater flexibility in grating coupler design [23]. To compromise between the cost and 
the specification of the thickness’ , the Unibond SOI wafers were chosen to have the Si 
film thickness of 1.14 pm (approximately 1 pm after device fabrication) and the S i02 
thickness of 0.67 pm.
Grating couplers fabricated on SOI waveguides operating at an infrared wavelength of
1.3 pm require a submicron grating pitch. To realise this feature size on the device, we 
used electron-beam lithography to write the rectangular grating pattern and the blaze 
profile was fabricated by tilting the wafer at an angle in an Argon (Ar) ion beam 
chamber [24-28].
3
The overview o f the work can be summarised as follows:
4
The layout of the thesis is as follows:
Chapter 1 is the introduction of this work. Chapter 2 reviews waveguide grating 
couplers, Si-based waveguides and switches /  modulators. Chapter 3 presents the basic 
theory of the grating couplers while chapter 4 shows the procedures of designing our 
SOI grating couplers at maximum output efficiency. Details of the grating fabrication, 
the experimental set-up and the measurement techniques for obtaining the grating 
output efficiency will be discussed in Chapter 5. Chapter 6 discusses the optical loss of 
the waveguide (Unibond) and compares the experimental measurements of the output 
efficiency with theory. Finally, the summary, conclusion and the future work of this 
research project are presented in chapter 7.
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Chapter 2 
Literature review
2.1 Introduction
This chapter is to give readers the general background of two main topics: (i) 
Waveguide gratings couplers and (ii) Integrated optics in silicon. Both types are 
related to our work which involves fabricating an efficient grating coupler on a silicon- 
based waveguide, using silicon-on-insulator (SOI) wafers.
In the topic of (i) Waveguide grating couplers, the discussion is divided into two main 
sections: (a) Symmetrical gratings and (b) Asymmetrical gratings. In the first section, 
symmetrical rectangular grating couplers using single and multiple reflective buried 
layers will be discussed because these couplers are known to produce output 
efficiencies, almost equal to that of the asymmetrical gratings which usually have 
much higher output efficiencies than simple symmetrical gratings. In the second 
section, asymmetrical grating profiles such as sawtooth blazed and parallelogramic 
blazed gratings will be reviewed. Fabrication methods for the sawtooth blazed gratings 
such as ion beam milling, direct electron beam writing and wet etching are discussed, 
as well as the fabrication technique of parallelogramic blazed gratings using a Faraday 
cage.
In the topic of (ii) Integrated optics in silicon, silicon-based devices such as Si 
waveguides, electro-optical switches and modulators will be reviewed. This is relevant 
because thin film waveguides allow the development of higher speed optical 
modulators which in turn requires gratings to couple light in and out of the waveguide 
at high efficiency.
2.2 Waveguide grating couplers
2.2.1 Introduction
Gratings are commonly used for diffr action applications [29] such as in an optical disk 
pickup [30-33], wavelength selectivity in DBR (Distributed Bragg Reflector) and DFB 
(Distributed FeedBack) Lasers [34-36], applications in W D M  (Wavelength Division
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Multiplexing) systems [32-34], sensor applications [37-44] and coupling light in and 
out of thin-film waveguides (waveguide grating couplers) [10-11, 45-48]. In the 
following sections, the features and main characteristics of waveguide grating couplers 
comprising of symmetrical rectangular and asymmetrical blazed (sawtooth and 
parallelogramic) gratings will be discussed.
2.2.2 Rectangular gratings
The history of symmetrical grating couplers goes back to 1970 when Dakss et al. [49] 
first proposed a simple and efficient way of coupling a beam in and out of a thin-film 
glass waveguide using an optical grating. This symmetric sinusoidal grating was made 
of Shipley AZ-1350 photoresist and was formed by development after an holographic 
interference exposure. The grating was designed at the diffraction order of -1  with a 
refractive index of the glass film =  1.72 at a thickness of 0.76 pm. The grating had a 
periodicity of 0.665 pm after the fabrication. An input coupling efficiency of 
approximately 40 % (within 5 %  uncertainty) into the waveguide was attained after 
taking the ratio of guided beam power to the incidence beam power at the visible 
wavelength of 633 nm at TE polarisation. The guided beam power was evaluated by 
subtracting the intensities of the reflected beam, diffracted beams and transmitted beam 
from the incident beam power. Only the -  1 order diffracted beam could be measured 
in the experiment as the diffraction order of -  2 beam was suppressed in the substrate. 
The grating coupler was considered to be highly efficient as 40 %  is the maximum 
input coupling efficiency for a symmetrical grating coupler [11]. However, the output 
coupling efficiency of the coupler was not reported, but it was believed to be a 
maximum of 50 % if measured based on the reciprocal theorem [11]. This reliable 
coupling method opened up the frontier of waveguide grating couplers for integrated 
optics applications.
Subsequently, further investigations on dielectric grating couplers were also carried by 
Kogelnik et al. [50]. They pointed out that to fabricate an efficient grating coupler, the 
unwanted grating orders must be suppressed and the spatial modulation (perturbation) 
in the grating must be sufficiently high to achieve strong coupling and hence a short 
coupling length. In addition, they also mentioned that there were mainly two types of 
grating couplers: The first was a forward coupler where the incident beam is in the
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same direction as the guided wave of which a thick deposited dielectric grating was 
used. The second was a reverse coupler where the propagated beam travels in the 
direction opposite to that of the incident beam. Both of these couplers can satisfy the 
condition of suppressing unwanted grating orders if they are designed appropriately. 
However, the former grating coupler was preferred because its required coupling 
length is short due to the stronger perturbation provided by the thick grating. In their 
experiments, 4 pm thick layers of gelatin (nitrogeneous jelly) were deposited on glass 
films which had a thickness of 0.3 pm. The gratings were fabricated by holographic 
interference lithography to have a fringe pattern inclined at an angle of 45° with 
respect to the surface layer and the period was 0.5 pm. These grating couplers 
operated at the wavelength of 0.633 pm and the transmission and reflection from the 
gratings were measured. It was found that good results were obtained with the Bragg 
effect produced on the incident light by the slant fringed pattern. The light was incident 
from the substrate side using a prism with a matching oil coated on the prism-substrate 
interface. At an incident angle of ~  3° and an optimised input beam diameter of 0.6 
mm, the authors claimed that 71 %  of the light was coupled into the film with 8 %  
reflected, 3 %  absorbed in the substrate, and 18 %  transmitted through the grating.
In 1971, Tamir et al. [51] theoretically investigated the principle of optimising the 
incident beam width (diameter) for a grating coupler. It was found that to increase the 
input coupling efficiency, the ratio of (wG /  L) must be equal to approximately 
1.36-cos(j), where wG is the input beam width, L is the grating length and cj) is the 
incident beam angle. It was predicted that the input efficiency is maximum when (wG /  
L) is approximately equal to the value of 1.36, with a near-normal incident beam.
Subsequently, from 1972 to 1976, more work and theoretical investigations on grating 
couplers were carried out by other researchers [52-54]. However, simple design 
criteria for symmetrical grating couplers operating at maximum efficiency (optimum 
grating height, coupling length and grating period) was not reported until in 1977, 
Tamir et al. [10, 55] used the perturbation theory with equivalent network analysis to 
simplify the design procedure. The network method used analogous electrical circuits 
to represent the dielectric gratings for the beam couplers. The propagation length of 
the guided wave was represented by appropriate transmission lines and the propagation
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constants were associated with the characteristic admittances. The simplification of the 
equivalent network was then achieved by adopting a perturbation approach, which 
assumed that the grating region was a uniform layer having an average refractive 
index. Simple design criteria of the grating parameters for optimum performance at TE 
and TM  modes was developed and explicit formulas for the grating period and leakage 
parameters of the gratings with symmetric profiles were given [10]. These simple 
grating structures usually divided the guided beam equally between the upper cladding 
and the lower substrate in the waveguide core and hence the maximum output 
efficiency is limited to 50 % . However, these dielectric gratings were easy to fabricate 
and which usually adopt electron beam lithography or holographic interference 
technique, followed by reactive ion etching (RIE).
In 1979, the perturbation network theory was further discussed and expanded to 
include the prediction of output efficiency of dielectric gratings with arbitrary profiles 
in Chang’s thesis [56]. Output efficiencies with various grating heights for different 
grating profiles (rectangular and blaze) were given and it was shown that the accuracy 
of the perturbation method is within 10 % as compared to the exact theory. In 
addition, it was also theoretically predicted that a symmetrical grating deposited on a 
dielectric waveguide which has a large refractive index difference gives an output 
efficiency of more than 50 % . Furthermore, Chang also predicted that asymmetrical 
blazed gratings have the output efficiency almost twice that of rectangular gratings, i.e. 
near 100 %, where many investigations and works on the former gratings have been 
performed by other researchers [12-19, 24-28, 57-73]. The high efficiency of the 
asymmetrical gratings is due to the constructive interference of the guided wave 
created by the blaze profile, where most of the propagating beam is directed to either 
the upper cladding or lower substrate region [14-15]. These blazed gratings will be 
discussed in sections 2.2.3 (Page 12) and 2.2.4 (Page 24).
In 1986, Spikhal’ skii [74] recommended the use of multilayer dielectric coatings on 
electro-optical waveguide rectangular grating couplers (LiNbC>3, LiTa03) to improve 
the coupling efficiency, because the wealdy confined waveguide results in a lower 
perturbation of the guided wave on the grating, and hence a longer coupling length and
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poorer output efficiency. Nevertheless, the author reported that the principles for the 
improvement of this coupler can be used for other type of dielectric waveguide grating 
devices. Alternatively, the waveguide could have a deep etched grating to increase the 
efficiency, but the leakage of the wave at the grating cannot improve further once the 
grating height is etched to a saturation level [10] and hence the author suggested that 
dielectric coating can be a solution. Using the multilayer effective index algorithm, it 
was found that by varying the dielectric coating layer thickness, most of the mode field 
of the guided wave can be adjusted to concentrate at the grating region instead of the 
film area. Hence the grating length can be greatly reduced and the coupling efficiency 
can be further improved. Nevertheless, the author did not report the effect of the 
coupling efficiency based on different coating thickness.
There had not been much work reported on silicon waveguide grating couplers until in 
1991 when Emmons et al. [20] predicted that symmetrical gratings fabricated in 
silicon-on-insulator (SOI) waveguides can have an output efficiency of more than 50 
% if the film and buried oxide layer thickness’ are designed properly. The authors 
proposed that the thickness’ of the Si guiding film and the buried oxide layer of an SOI 
be optimised to an integral multiple of a half optical wavelength and an odd integral 
multiple of a quarter optical wavelength (to maximise the reflectivity of the buffer 
layer), respectively, to increase the output efficiency towards the cover. Based on this 
design, it was predicted that an output efficiency (superstrate) as high as 60 % could 
be achieved with a rectangular or sinusoidal grating without additional matching layers. 
However, it was reported that to control the accuracy of the fabricated coupling length 
to within 20 % and the actual output efficiency to within 5 % of the designed value, 
the guiding layer thickness variation must be less than 0.008 pm. The authors also 
claimed that sensitivity (thickness tolerances) of the SOI structure can be 4 times 
worse if the layer thickness’ are not optimised.
Subsequently, in 1992, the same authors [21] continued to theoretically investigate the 
SOI grating couplers which had a symmetrical grating profile. They found that the 
coupling efficiency and coupling length have a strong dependency on a waveguide that 
has a high-index-difference interface. This result agrees very well with the earlier work 
of Chang [56] which indicated that rectangular grating couplers with a high-index-
1 0
difference interface waveguide can have an output efficiency of more than 50 % 
towards the surface at optimum grating height. The simulated SOI structure had a Si 
film thickness of 0.56 pm and a buried S i02 thickness of 0.69 pm. The Si grating had 
a depth of 0.02 pm and a pitch of 0.35 pm and it was operating at the wavelength of
1.3 pm. The grating was designed at the diffraction order of -1  and the outcoupled 
beam was in the opposite direction of the guided wave (Backward coupling). It was 
shown that the cover coupling efficiency reached 60 %  when the S i02 was a quarter- 
wave-reflecting layer and the Si film was a half-wave layer. The authors explained that 
the high efficiency was obtained because the guided wave encountered a high 
reflectivity from the S i02 layer and the reflected wave from the oxide layer interferred 
constructively with the incident guided wave, which was then outcoupled towards the 
cover by the grating. On the other hand, the authors claimed that with quarterwave 
thickness’ on both the Si and S i02 layers as the reflecting medium, the reflected wave 
from the oxide interferred destructively with the wave in the film. A  theoretical 
substrate efficiency as high as 95 %  could be attained without any additional dielectric 
coating. In addition, it was also shown that the tolerances of the film and oxide layer 
thickness’ (hence a smaller variation of coupling efficiency) and the coupling length 
were higher when the coupling beam angle was designed to be smaller (close to the 
normal). This is due to a smaller variation of interface reflectance in the waveguide 
(Fresnel reflection). All these predicted output efficiencies assumed that the losses of 
the SOI waveguides were negligible, i.e. the scattering and absorption losses were not 
taken into account.
In 1995, Hagberg et al. [17-18] achieved an output efficiency of 67 %  towards the 
superstrate for a rectangular grating-coupled surface-emitter laser (GCSEL) in 
InGaAs-AlGaAs without additional buried multi-reflectors in the waveguide. This 
output efficiency, the highest among their rectangular grating samples, corresponded 
to an optimum grating depth of 125 nm at a grating pitch of 290 nm which had a duty 
cycle of 0.52 [18]. However, the authors reported that an accurate method of 
measuring the incident guided wave power in their outcoupling gratings could not be 
determined and they claimed that the efficiency could be further improved by reducing 
the absorption loss in the oscillator feedback grating of the laser.
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Subsequently, Eriksson et al. [22] fabricated a multi-layered reflective layers in a 
rectangular grating-coupled surface-emitter laser (GCSEL) as shown in Fig. 2.1, where 
an output efficiency which was defined as the fraction of incident guided light 
outcoupled into the air, of 94 %  was attained. The rectangular gratings were fabricated 
in AlGaAs-GaAs with a period of 0.287 pm using electron beam lithography followed 
by Argon ion beam etching. To our knowledge, this efficiency which is comparable to 
that of the asymmetrical blazed gratings, is the highest value reported for a 
symmetrical grating.
Fig. 2.1 SEM photograph of the output rectangular gratings where the multilayer 
reflector can be seen in the lower portion of the photograph [22].
2.2.3 Sawtooth blazed gratings
Methods to divert most of the output beam to the desired region and hence maximise 
the efficiency, include the use of blazed gratings which utilise sawtooth [12-16, 24-28, 
57-66] and parallelogramic profiles [17-19, 67-73]. It was found that these blazed 
grating couplers had the capability of diverting most of the output beam to a desired 
region (superstrate or substrate) and hence maximised the efficiency to almost twice 
that of the symmetrical gratings [11].
These blazed gratings can be fabricated by one of the four methods: (1) Angled ion- 
milling etching [24-28], (2) Direct electron-beam writing [58-62], (3) Reactive ion
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etching (RIE) with Faraday cage [67-72] and (4) Wet chemical etching [63-64]. In the 
following sections, the characteristics and fabrication methods of these blazed gratings 
will be discussed.
(i) Angled ion beam milling
An asymmetrical grating profile such as a sawtooth shaped, normally denoted as a 
“blazed grating”, had been produced for the first time in 1968 by Sheridon [57] but 
were not used as coupling devices. The glass blazed gratings coated with aluminium 
exhibited a diffracted efficiency of 73 %  (towards the order of +1) which was much 
higher than the 50 %  efficiency shown by the symmetrical gratings. However, blazed 
gratings were not very popular because an exact profile was difficult to realise. There 
was no real advancement for the fabrication of blazed gratings until, in 1976, Aoyagi et 
al. [24] innovatively used an Argon (Ar) ion beam to etch a substrate at an angle to 
create a blazed profile, as shown in Fig. 2.2 (a). With this method, the blaze profile 
could easily be controlled as the blaze angle of the grating was directly dependent on 
the ion beam angle, 9, as illustrated in Fig. 2.2 (b) [24]. Fig. 2.2 (c) shows a period of 
1 pm Gallium Arsenide (GaAs) blazed gratings which had a blaze angle of the order of 
10° fabricated with an incidence Argon (Ar) ion beam angle, 0 = 70° [24]. The etching 
time used was 20 minutes and the accelerating voltage and current was 750 V  and 1 
mA, respectively, with a 1 pm thick photoresist (A Z 1350) rectangular holographic 
grating mask. It was found that to get a higher blaze angle, the etch rate of substrate 
where the blazed gratings were formed, must be much faster than the etch rate of the 
rectangular mask. It was observed that the etching rate of the GaAs substrate varied 
with the ion beam angle (0) and an high blaze angle of 26° was possible to obtain as 
the etching rate of the GaAs reached its peak at 0 =  60° [24].
However, viewing the blazed grating profile (shown in Fig 2.2 (c)) with an SEM  
(Scanning Electron Microscopy), it seems that the grating has been over-etched as the 
top edge of the blaze was rounded or almost flat. Hence, the etching time of 20 
minutes should have been slightly reduced or a thicker photoresist rectangular mask 
should be used.
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(C )
Fig. 2.2 (a) Schematic diagram of the ion beam etching apparatus, (b) Blaze angle of
the ion etched grating as a function of the ion beam angle, (c) SEM (Scanning 
Electron Microscopy) photographs of the blazed gratings with an ion beam angle of 0° 
and 70°, respectively [24].
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Subsequently, using this angled Ar ion beam technique, a PMMA (Poly Methyl 
Methacrylate) blazed grating which had a pitch of 0.74 pm and a blaze angle of 30° 
was fabricated [25]. Photoresist (Shipley AZ1350) was used as the grating mask and a 
holographic interference lithography was adopted. A directionality of 97 %  towards 
the superstrate was reported. The workers assumed that this value is equal to that of 
output efficiency if the latter was presumed to be Ia /  (Ia + Is), where Ia and Is are the 
intensity of the output beam diffracted towards the superstrate and substrate, 
respectively.
In 1978, Ng et al. [26] demonstrated that good profiles of blazed gratings in GaAs 
(See Fig. 2.3) could be attained using this ion beam technique. These blazed gratings 
were used as output couplers for thin-film waveguides.
Fig. 2.3 GaAs blazed gratings fabricated at various angles of ion-milling [26].
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As shown in Fig. 2.3, the tilted beam angles ranged from 15° to 90° and the period of 
the gratings was ~ 1 pm. The best asymmetrical blazed profiles were obtained through 
the ion beam angles of 20 °-2 5 ° as beam angles of > 30° produced almost symmetrical 
triangular profiles, and a 90° beam angle over-etched the gratings (See Fig. 2.3). An 
accelerating voltage of 1 kV and ion current density of 0.1 mA/cm2 were used in the 
ion beam milling, and the etching time for the blazed gratings was 10 min. The blaze 
effect was evaluated by measuring the intensities of the +1 and -1  order diffracted 
beam from a normally incident beam (633 nm He-Ne laser). With TE polarisation 
(laser polarisation perpendicular to the grating grooves), their best diffraction 
efficiency obtained was 54 % , with an extinction ratio, Ii/I.i of 227.
However, the diffraction efficiency towards +1, based on the extinction ratio, is Ii /  (Ij 
+ Li) which is equal to l\ /  {(1 + 1/227) IQ = 99.6 % . Hence, it is not clear from the 
authors which diffraction order their best efficiency was referring to. We presume that 
the beams were also diffracted to other diffraction orders, apart from +1 and - 1, and 
hence a lower efficiency of 54 % .
In 1980, using CF4 reactive ion etching (RIE) at an angle, Matsui et al. [27] 
successfully fabricated silicon dioxide (Si02) blazed gratings which had a period of 
0.48 pm. In addition, a blazed grating pitch of 1 pm on Si was also produced by 
Fujiwara et al. [28]. The SEM pictures of the S i0 2 and Si blazed gratings are displayed 
in Fig. 2.4 and Fig. 2.5, respectively.
Fig. 2.4 The SEM picture of the S i02 blazed gratings on Si of which the grating 
period is 480 nm [27].
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Fig. 2.5 The SEM picture of the Si blazed gratings which have a period of 1 pm [28].
It can be seen that the illustrated blaze profile of the Si02 was poor as the grating 
depth was very shallow ( «  100 nm). The poor blaze profile was due to the fact that 
the difference of the etch rate between the photoresist (AZ 1350) mask and the S i02 
was very small (a difference of < 50 A/min) at the ion beam angle of about 75° [27], 
which resulted in the Si02 blaze angle of roughly 4° as shown in Fig. 2.4. The Si 
blazed gratings has a better sawtooth profile with a reasonable depth of about 0.1 pm. 
It was a pity that optical experiments on these Si and Si02 blazed gratings, such as the 
diffracted efficiencies were not investigated and reported by these authors [27-28].
(ii) Direct electron beam writing
Another nanometer technology commonly used for fabricating rectangular and blazed 
gratings is electron-beam (e-beam) lithography. There are two ways in e-beam writing 
which can be used to create the blaze profiles [58]. The first method is known as “fixed 
dose per pixel, multiple pass” where the electron dose distribution is determined by the 
number of times the electron beam is scanned over a position with a fixed dosage (Fig.
2.6 (a)(i)), whereas the second method is referred as “variable dose per pixel, single 
pass” where the electron dose distribution is generated by the variation of each dose 
defined for a particular position (Fig. 2.6 (a)(ii)) [58]. The exposure time used for the 
first method is longer than for the second.
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With these methods, Stauffer et al. [58] successfully demonstrated that blazed gratings 
in photoresist PMMA (polymethyl methacrylate) could be fabricated, as shown in Fig.
2.6 (b), with different grating depths on the Si substrates. These blazed gratings had a 
pitch of 800 nm and they could be replicated into polymer films on glass by embossing 
using metal shims.
E^ titam
expoeufe
Development
(a)
(b)
Fig. 2.6 (a) Two different electron beam writing methods: (i) Multiple pass with
fixed dose per pixel, and (ii) Single pass with variable dose per pixel, (b) SEM cross- 
section of blazed gratings in a resist layer with different profile depths (160, 240, and 
340 nm) [58].
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An experimental diffraction efficiency of 75 % was reported for the blazed gratings 
(blaze angle = 40°) at the period of 900 nm using a HeNe laser beam which had a 
wavelength of 633 nm [58]. However, it is a pity that the diffracted order, diffracted 
angle, and the polarisation for this high efficiency were not mentioned in the report. 
Consequently, this experimental value cannot be checked or compared with the theory 
presented in reference [29] (From reference [29], basic diffraction grating equation: 
mX/d = 2 sinP; where m is the grating order (usually m =1), d is the grating period, X is 
the laser wavelength, and (3 is the diffracted beam angle).
Based on the SEM pictures shown in Fig. 2.6 (b), one positive feature of these blazed 
gratings was that a deeper grating depth of > 300 nm was possible, which can be 
difficult to obtain using the ion-milling technique. However, the blaze profile was not 
very asymmetrical. This may have been caused by the forward and back scattering of 
the electrons during the writing process in which the trough of the grating was over­
exposed [31, 75]. Hence, it can be a serious limitation of using this method to create a 
good blaze profile, especially when the grating period is in the submicron range.
Using the same e-beam technique, Fujita et al. [59] fabricated blazed gratings on 
PMMA with periods of 5 and 10 pm (See Fig. 2.7), and the diffraction efficiency 
towards the first order was ~  60 to 70 %  with a normal incidence laser wavelength of 
633 nm.
Fig. 2.7 SEM photographs of the blazed gratings of which the grating period in (a) is 
5 pm and (b) is 10 pm [59].
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The 5 pm pitch blazed grating had a deep grating height of > 1 pm and a good blaze 
profile near to the right-angled blaze whereas the other grating with a grating period of 
10 pm had a very shallow etched depth. However, it can be seen from Fig. 2.7 that 
both gratings suffered from the defects of round bottom grooves which were probably 
caused by the backscattering of electrons during the electron beam writing process. 
Hence, this imperfect feature together with the small inclination in the blazed structure 
were probably the reasons why the output efficiency was limited to 60-70%.
Later in the 1990s, there was a very good study on the input and output grating 
couplers with asymmetrical blazed (sawtooth) profiles fabricated by electron beam 
writing on planar polymer waveguides by Waldhausl et al. [60-62]. The blazed gratings 
were designed by the first-order perturbation approach developed by Tamir et al. [10] 
to have maximum output efficiency. The electron resist (SK 6000), which was a 
copolymer of polymethyl-methacrylate (PMMA), was used for the blazed gratings 
fabrication and the waveguide film. The refractive indices of the electron resist 
waveguide layer and the S i02 substrate were 1.498 and 1.457, respectively, at the 
wavelength of 633 nm and the superstrate was air. The gratings had a period of 800 
nm and a grating length of 1 mm [61]. Fig. 2.8 shows the grating profile measured by 
an Atomic Force Microscope (AFM) and the grating height was found to be 140 nm 
[61].
Fig. 2.8 AFM (Atomic Force Microscope) measurement of the polymer blazed 
gratings [61].
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The authors claimed that an experimental input efficiency of 40 %  was obtained 
through the superstrate (air) with a leakage factor (Factor which determines the 
amount of light diffracted in or out of the grating) o f 0.8 m m 1. The authors reported 
that this leakage factor is equivalent to a coupling length of 1.25 mm at the first 
diffraction order calculated from the theory [10]. It can be seen that the limitation to 
the input efficiency was due to the shorter than optimum fabricated grating length, 
which the authors claimed coupled only 75 %  of the maximum input efficiency. 
Another contributing factor was also probably due to the mismatch of input beam 
profile (Near Gaussian-shaped) with the output beam (Exponential-shaped) [11]. 
Subsequently, 95 %  of the total guided wave was measured to have coupled out of the 
waveguide which the authors claimed to have a leakage factor of 1.48 mm'1, or a 
coupling length of 670 pm [61]. Hence, when one designs a grating coupler, it is much 
better to fabricate a longer grating length than the predicted coupling length to ensure 
that all of the light can be coupled out. The loss of the waveguide was then measured 
to be 0.6 dBcm'1 [61]. The important blazing effect was investigated and it was found 
that the output efficiency for the first diffraction order towards the air (Superstrate) 
was 55 %  where the output beams were diffracted into the superstrate and substrate in 
the ratio of 55/44, respectively. To be precise, 55 % should normally be regarded as 
the directionality because the output efficiency is usually measured with reference to 
the total input guided beam. It was explained by the authors that the poor output 
efficiency was caused by non-ideal sawtooth blaze profile which had a second 
inclination of about 200 to 300 nm (See the Atomic Force Microscope picture in Fig. 
2.8). The minor blaze slope caused almost half o f the outcoupled beam to be diffracted 
towards the substrate and this unwanted inclination was caused by the backscattering 
of the electrons during the exposure of the lithography process [75].
However, the embossed replicated PMMA blazed gratings (See Fig. 2.9) made by the 
same authors had about 74 %  of output efficiency (directionality) in the direction of 
superstrate, into the first diffraction order at the angle of 40.4° [60]. The increase of 
output efficiency was probably due to the increase of grating height from the initial 
value of 140 nm to 200 or 300 nm. However, only 75 %  of the maximum output 
efficiency was coupled out of the embossed waveguide. The reduction of the
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outcoupled beam was not explained by the authors but it could be due to a short 
fabricated grating length or the scattering loss of light caused by the rough interface 
between the film and substrate, or defects in the PMMA resist caused by pressure 
during the embossing process. The input coupling efficiency of the embossed gratings 
was measured to be 33 %  which was also slightly lower than the original gratings.
Fig. 2.9 Replicated polymer (PMMA) blazed gratings which had the depths of 
between 100 and 300 nm, using the embossing technique [60].
In addition, a beam shaping PMMA blazed grating coupler which had variable grating 
depths was also fabricated by the same workers [61]. The authors used the variation of 
corrugation depths to produce different leakage parameters at which the output beam 
was shaped to a Gaussian-characteristic profile, instead of a conventional exponential 
profile. The aim of this coupler was to create a close overlap of fields between the 
output beam of the coupler and the input near Gaussian beam of a single-mode fibre. 
Hence the loss of light coupling from the gratings into a fibre due to field mismatch can 
be greatly reduced. In addition, the coupling efficiency of the input grating couplers 
can be increased by 20 %  since the output beam profile is the same as the input, 
according to the reciprocal theorem [11]. Experimentally, they achieved an output 
beam that had a very close fit of 90 % to the Gaussian beam profile [61].
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Later in 1997, using the same electron beam technology, the same group successfully 
fabricated focusing grating couplers with blazed gratings in monomode strip polymer 
waveguides, as illustrated in Fig. 2.10 [62]. The width of the strip waveguide was 15 
p.m and the length was 2 mm. However, the dimensions of the horn structure were not 
reported.
Fig. 2.10 Focusing blazed grating couplers with strip waveguide in-between [62].
The blazed gratings had a pitch of 800 nm and a grating height of 200 nm. The authors 
reported that a maximum input efficiency of 42 %  was attained and an output 
efficiency (directionality) of approximately 70 % towards the air was achieved, with 
about 85 % of the total guided wave coupled out of the waveguide. It is inferred from 
the paper that the grating length was 85 %  of the length necessary to couple all the 
light out of the waveguide.
(iii) Wet chemical etching
Anisotropic wet chemical etching can also be used to fabricate sawtooth blazed 
gratings but the technique is only limited to certain crystalline structures, for example 
<21 l>-oriented Si [63-64]. Si blaze in < 211> can be fabricated by using an alkaline 
solution (KOH) with a patterned Si02 or Si3N4 mask because the < 1 11> direction has 
a slower etch rate than the <100> Si surface [64]. This fabrication method originated 
from the wet etching of symmetrical Si V-grooves which are commonly used for 
aligning a fibre and a waveguide for coupling purposes, whereas the sawtooth blazed 
gratings performed by wet etching were often used for diffraction (echelette (staircase) 
gratings) purposes. As shown in Fig. 2.11 (a) [63] and (b) [64], Si blazed gratings 
fabricated by wet chemical etching have almost a right-angled blazed profile where this
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ideal blaze cannot be achieved through electron beam lithography nor ion beam 
techniques. The blazed gratings in Fig. 2.11 (a) and (b) had a period of 2 pm and 0.65 
pm, respectively. Unfortunately, this wet etching of Si ideal right-angled blaze is 
restricted to <2 11> crystalline structure.
(b)
Fig. 2.11 SEM photographs of the cleaved < 211> Si blazed gratings using wet 
chemical etching (a) a pitch of 2 pm [63], and (b) a period of 0.65 pm [64].
2.2.4 Parallelogramic blazed gratings
In addition to sawtooth blazed gratings, parallelogramic-shaped blazed gratings can 
also be used for fabrication of high efficiency waveguide couplers [17-19, 72-73]. The 
parallelogramic blazed gratings can be fabricated by reactive ion etching (RIE) at an 
oblique angle with the help of a Faraday cage as shown in Fig. 2.12 [67]. The Faraday 
cage consisted of an angled stainless steel support to hold the sample at a specific 
angle and above the sample was a grid mounted to the surface of the cage which had 
an applied cathode potential. The cathode grid was to reduce any distorting electric 
(E) fields or plasma inside the cage. It resembled a polariser where the E fields of the
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ions would be aligned at an normal incidence to the Faraday cage and the sample 
would be etched at an oblique angle with the tilted support.
Fig. 2.12 Schematics of the cathode Faraday cage [67].
In 1994, Li et al. described the details of fabricating the parallelogramic blazed gratings 
where the schematic diagram of the fabrication process is shown in Fig. 2.13 [68]. To 
fabricate a submicron parallelogramic grating, it is necessary to produce a partly 
undercut profile which formed part of the grating teeth as shown in Fig. 2.13 (f). To 
achieve this structure, material redeposition onto the grating walls during the plasma 
etching must be avoided. In this particular case, the Faraday cage was used to solve 
this problem where the ions can be properly guided by the cathode grid to hit the 
substrate surface in an orderly manner. Hence, the distorting field (randomness) of the 
plasma redepositing the material onto the undercut grating teeth can be greatly reduced 
[67]. The thin Al (Aluminium) mask deposited onto the grating shown in Fig. 2.13 (b) 
was to reduce the mask erosion. Subsequently, oxygen plasma was used to remove the 
residual photoresist deposited on the grating trough (Fig. 2.13 (c)) and a layer of 100
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nm thick Al was then coated onto the sample (Fig. 2.13 (d)). After this, a metal lift-off 
was adopted to obtain the Al grating mask and the substrate sample was held at 45° 
with respect to the horizontal cage base to RIE as shown in Fig. 2.13 (e). Finally, the 
residual Al mask was stripped off to obtain the tilted parallelogramic blaze profile (Fig. 
2.13(f)).
residual photoresist
photoresist
0 2 plasma
1 \ I \ i 1 I l A l l \
RIE
Fig. 2.13 Schematic diagram for parallelogramic blazed grating fabrication [68].
Fig. 2.14 illustrates the outcome of S i02 parallelogramic grating fabrication which has 
a grating pitch of 0.65 pm and a blaze angle of approximately 40°, using this etching 
technique [68].
Fig. 2.14 SEM photograph of S i0 2 parallelogramic blazed gratings [68].
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In 1995, using electron beam lithography and an incident Ar ion beam at 35°, Hagberg 
et al. [17-18] fabricated parallelogramic blazed output grating couplers which have a 
blaze angle of ~ 35°, as shown in Fig. 2.15, for the grating-coupled surface-emitter 
lasers (GCSELs). The highest output efficiency towards the cover among the blazed 
grating couplers was 84 % which had a grating depth of 140 nm and a duty cycle of 
0.34 at a pitch of 290 nm. However, the authors reported that their incident guided 
wave powers to the output couplers could not be accurately determined, hence the 
efficiency quoted must contain significant uncertainty.
Fig. 2.15 SEM photograph of the highest output efficiency InGaAs-AlGaAs 
parallelogramic blazed gratings for GCSEL [17].
In 1996, using the angled ion beam in Faraday cage method, Li et al. [69-70] 
fabricated parallelogramic gratings on polyimide waveguide on a silicon substrate for 
polymer-based optoelectronic interconnections, such as 1-to-many optical clock signal 
distribution [69] and MCM (multichip module) interconnections [70], which were 
mainly used for low cost, high density Si-based circuits in high speed computers and 
digital communications. A grating period ranging from 0.6 to 4 pm with a grating 
length of 3 mm was fabricated and Fig. 2.16 (a) illustrates the SEM (Scanning Electron 
Microscope) of a fabricated 4 pm period parallelogramic grating on a polyimide 
waveguide. In the experiment, the grating was designed to surface-normally couple the 
laser beam into the waveguide with an operating wavelength of 1.3 pm, as illustrated 
in Fig. 2.16 (b). The measured input coupling efficiency was only 5 % but it was their 
first device fabricated [70].
27
Surface-normal input kjht 
kiidmg mode
Fig. 2.16 (a) SEM picture of the 4 pm pitch parallelogramic gratings, (b) The
schematic and experimental pictures of coupling a surface-normal input light into the 
polyimide waveguide, using the parallelogramic gratings [70],
The experimental coupling length and output efficiency were not reported but the latter 
was believed to be very low based on the poor input coupling efficiency measured. The 
authors reported that the efficiencies of the grating couplers can be greatly improved 
by optimising the grating depth and the thickness’ of core and cladding in the 
waveguide.
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In 1997, a high output efficiency was successfully achieved on a focusing waveguide 
using parallelogramic gratings [72]. The new proposed device had a high index 
cladding layer depositing on top of the parallelogramic gratings which were etched into 
the guiding layer. The design of the grating was based on silica-on-silicon waveguide 
technology. The S i02 buffer layer of the waveguide was 10 pm and the authors 
reported that it was not designed as a reflecting layer. The guiding layer was arseno- 
silicate glass with a thickness of 2 pm and the cladding deposited onto the grating was 
SiN which had a thickness of 0.17 pm. The grating pitch ranged from 0.877 to 1.289 
mm and it was designed at TE mode with a blaze angle of 45° at the grating height of 
0.4 pm. The refractive indices of the cladding layer, guiding layer, the buffer layer and 
the effective index were 1.78, 1.49, 1.46 and 1.474, respectively, at the operating laser 
wavelength of 1.3 pm. The chirped grating (variable grating periods) was fabricated by 
electron beam lithography. The grating was predicted to have a directionality of 95 % 
towards the cover and experimental output efficiency (directionality) of approximately 
90 % towards the superstrate was obtained with an uncertainty of 2 % . In addition, the 
leakage factor was measured to be 28 cm'1 (coupling length of 357 pm) with 86 %  of 
the total guided wave coupled out of the waveguide. An alternative interpretation of 
this result, is that only 90 %  x 86 %  =  77.4 %  of the light is coupled out of the 
waveguide, i.e. the output efficiency is only 77.4 % , not 90 %  as the authors claimed.
In the next following page, Table 2.1 summaries the different types of diffraction 
gratings and waveguide grating couplers which have been discussed in this review.
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Table 2.1 Summary and comparison o f diffraction gratings and output grating couplers.
Year A u thors G ra ting  p ro file G ra ting
p itch
G ra ting
m ateria l
F a b rica tion
m ethod
G ra ting  effic iency
J
1968 Sheridon
[57]
Blazed hologram Glass Standing
optical
wavefield
73 %  diffraction 
towards +1 order
1970 Dakss 
et al. [49]
Sinusoidal 0.67 pm Photoresist
(AZ-1350)
Holographic
Interference
40 % input 
efficiency at 
- 1  order
1976 Y. Aoyagi 
et al. [24]
Sawtooth blaze 1 pm GaAs Angled Argon 
(Ar) beam 
etching
1976 T. Aoyagi 
et al. [25]
Sawtooth blaze 0.74 pm Poly methyl 
methacrylate 
(PMMA)
Angled Ar 
beam etching
97 % directionality 
towards superstrate
1978 Ng 
et al. [26]
Sawtooth blaze 1 pm GaAs Angled Ar 
beam etching
54 % diffraction 
towards - 1  order
1980 Boyd 
et al. [67]
Parallelogramic
blaze
6 pm S i02 Faraday cage
1980 Matsui 
et al. [27]
Sawtooth blaze 0.48 pm Si02 Angled CF4 
etching
1980 Fujiwara 
et al. [28]
Sawtooth blaze 1 pm Si Angled Ar ion 
beam etching
1982 Fujita 
et al. [59]
Sawtooth blaze 5 pm and 
10 pm
PMMA Electron beam 
lithography
60 to 70 %  
diffraction 1st order
1991
1992
Emmons 
et al. 
[20-21]
Sinusoidal 0.35 pm Silicon-on-
insulator
(SOI)
Predicted 60 %  
superstrate output 
efficiency.
1992 Stauffer 
. et al. [58]
Sawtooth blaze 0.8 pm PMMA Electron beam 
lithography, 
embossing
75 % diffraction 
efficiency :
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1993
1994
Waldhausl 
et al. 
[60, 61]
Sawtooth blaze 0.8 pm Photoresist 
(SIC 6000)
Electron beam 
lithography, 
embossing
Directionality 
superstrate: ' /
55 %  (original),
74 %  (replicated); 
Input efficiency:
40 % (original),
33 % (replicated).
1995 Sarathy 
et al. [64]
Sawtooth
blaze
0.65 pm {211} Silicon Holographic 
interference, 
wet etching
23 % diffraction 
+1 order
1995 Hagberg 
et al. 
[17-18]
Rectangular 0.29 pm InGaAs-
AlGaAs
Electron beam 
lithography, 
ion beam 
etching
67 %  superstrate 
output efficiency
1995 Hagberg 
et al. 
[17-18]
Parallelogramic
blaze
0.29 pm InGaAs-
AlGaAs
Electron beam 
lithography, 
angled ion 
beam etching
84 %  superstrate 
output efficiency
1995 Eriksson 
et al. [22]
Rectangular with 
multilayer 
reflector
0.287 pm AlGaAs-
GaAs
Electron beam 
lithography, Ar 
ion etching
94 % superstrate 
output efficiency
1996 Li
et al. [69]
Parallelogramic
blaze
0.4 to 6 
pm
Polyimide Holographic 
interference, 
Faraday cage
5 %  input efficiency
1997 Liao 
et al. [72]
Focusing chirped 
parallelogramic 
blaze
0.877 - 
1.289 mm
Arseno- 
silicate glass
Electron beam 
writing, 
Faraday cage
90 %  superstrate 
output efficiency 
(directionality)
1997 Waldhausl 
et al. [62]
Focusing chirped 
sawtooth blaze
0.8 pm Polymer Electron beam 
writing
70 %  superstrate 
output efficiency 
(directionality), 42 ’ 
%  input efficiency
31
2.3 In tegra ted optics in  silicon
2.3.1 In tro d u c tio n
In the 1950’ s and 60’ s, photonic research in silicon (Si) had been carried out, where 
solar cells, LEDs, field-effect modulators, and mid-infrared photoelastic modulators 
had been studied [76]. In the 1970’s, charged-coupled-device imagers, optical- 
absorption modulators, lossy optical waveguides, infrared detectors, and visible-light 
waveguides were developed. Then in the 1980’s, work on infrared-guided photonics 
which introduced the SiGe/Si material was established. At that time, SiGe/Si 
photodetectors were also reported for the first time. Presently, the research in Si for 
photonic applications has been advanced into silicon-based waveguides and embedded 
photodetectors. Photonic devices, such as laser diodes (LDs), optical amplifiers, and 
efficient light emitting diodes (LEDs) remain the biggest challenge for Si [76].
The primary attraction of Si photonics is its low cost of material and fabrication, using 
the existing Si microfabrication technology. In addition, monolithic integration of the 
electronic and optical devices into a single Si substrate provides a much lower cost of 
optoelectronic integrated circuits (OEIC’s) than its III-V counterparts, such as GaAs 
and InP. In addition, the work of micromachining in Si enables thin film membranes 
and V-grooves to be fabricated which can be used for sensor applications and coupling 
light into waveguides with external devices, such as fibres etc. The main disadvantages 
of Si that deter the full development of OEICs, are their indirect bandgaps, their low 
carrier mobilities and the absence of a first order electro-optic effect, the Pockels 
effect. However, the change of refractive index in Si and hence its phase modulation, 
can be achieved via injection of carriers [4-6]. In addition, Si waveguides are known to 
exhibit low loss at telecommunication wavelengths [77-93]. Hence, although 
monolithic OEICs in Si is difficult to achieve, it is still worthwhile to perform more 
research work because of its established technology and potential for photonic 
integrated optics. In the following sections the properties of Si, Si waveguides, 
modulators /  switches will be reviewed and discussed.
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Silicon has an indirect energy bandgap of 1.12 eV and is known to be transparent at X 
> 1 . 1  pm. Hence, it is suitable to be used as a low loss waveguiding material at the 
infrared telecommunication wavelengths of 1.3 and 1.55 pm. On the other hand, it can 
also be used as a photodetector for wavelengths < 1 . 1  pm. The transmission of Si at 
these wavelengths is solely dependent on the residual absorption and scattering losses 
[4, 76]. Residual impurities are present in Si if it is doped to provide active electrical 
impurities called free carriers. These free carriers are present at room temperature and 
they will change the real and imaginary parts of the dielectric constant, according to 
dispersion theory [5]. In optical terms, the changes in absorption and refractive index 
are usually denoted as Aa and An, respectively, where they are given by [4]:
2.3.2 Properties of silicon
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where q is the electronic charge, X is the optical wavelength, n is the refractive index of 
pure Si, so is the permittivity of free space, c is the velocity of light in vacuum, Ne and 
Nh are the free electron and free hole doping concentrations respectively, nice* and mch* 
are the conductivity effective masses of electrons and holes respectively, and pe and ph 
are the electron and hole mobility’s respectively.
In 1986, Soref et al. [4] calculated the free carrier absorption of p-type Si with a light 
doping of 1016 impurities/cm3, over the wavelengths of 1.2 -  1.6 pm, as displayed in 
Fig. 2.16 using equation 2.1. It can be seen from Fig. 2.16 that the free carrier 
absorption loss, a , for Si was very much less than 0.1 dB/cm at the wavelengths of 1.3 
and 1.55 pm. This spectral, range-of free-carrier-absorption of Si, which was not 
reported by any other workers at that time, threw some light on Si for photonic
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applications at the low loss windows of telecommunication wavelengths. Hence, Si is a 
very good material for developing low loss optical waveguides at infrared wavelengths.
Fig. 2.16 Free-carrier absorption of high-resistivity single-crystal silicon (1016 
impurities /  cm3) over the infrared wavelength range of 1.2 to 1.6 pm [4],
At the same time, the change of refractive index in Si (equation 2.2) due to free 
carriers, at the infrared wavelengths of 1.3 and 1.55 pm, via Kramers-Kronig analysis, 
was also solved and it can be simplified as [5]:
At 1.3 pm,
Ane = -  6.2 X  10'22 cm3 ANe (2.3 a)
Anh = -  6.0 X  1 0 18 cm2'2 (ANh)08 (2.3 b)
At 1.55 pm,
Ane = -  8.8 X  10'22 cm3 ANe (2.4 a)
Anh = -  8.5 X  10'18 cm2 2 (ANh)0'8 (2.4 b)
where An« and Anh are the change of refractive indices in Si with electrons and holes 
carriers, respectively, while ANe and ANh are the amount of doping concentrations of 
electrons and holes in Si, respectively. ■ ■ >y
34
Planar waveguides are an important building block in integrated optics because they 
provide a fundamental base for the photonic integrated circuits (PICs) to be built on, 
where light can travel from one point to another, within the devices. A  planar 
waveguide (slab waveguide) is formed by a dielectric layer whose refractive index is 
higher than that of its adjacent layers and hence light can be total internally reflected 
and propagated inside the waveguide. However, these waveguides only confine the 
optical field in two dimensions, i.e. vertical confinement, and they are difficult t'6 
fabricate as single mode devices in a high refractive index material such as Si. Hence 
this type of waveguide is not so desirable for the fabrication of optical devices.
To overcome these shortcomings, channel waveguides such as rib waveguides are 
often used instead for optical interconnections in optical integrated circuits (OICs). In 
the Group IV silicon world, silicon-based rib waveguides such as (a) Silicon-on- 
insulator (SOI) [77-89], (b) Sii.x Gx on silicon [76, 90-91], (c) Lightly doped on 
heavily doped silicon [4, 35], (d) Silicon-on-sapphire [93], (e) Silicon nitride (Si2N4) 
with silicon dioxide (Si02) on silicon [35], and (f) Silicon oxynitride, SiOxNy [35], are 
often used as infrared waveguides, as illustrated in Fig. 2.17 (a-f). The rib structures 
can be formed either by dry reactive ion etching (RIE) or wet chemical etching.
In Fig 2.17 (a), SOI waveguiding layers can be fabricated by implantation of oxygen 
called SIMOX (Separation by IMplantation of OXygen) [81-86], bonding of an 
oxidised Si wafer with an etched-back wafer calleded BESOI (Bond and Etchback 
SOI) [80, 87], and a recently developed technique called the smart-cut process to 
produce Unibond SOI [23, 94]. In Fig. 2.17 (b), vertical confinement can also be 
accomplished through variation of Germanium (Ge) composition in SiGe waveguides 
[76, 90-91]. The refractive index of Ge at the wavelength of 1.3 pm is ~  4.4 [76] and 
hence doping with Ge increases the refractive index of Si which has the value of 3.5.
2.3.3 Silicon-based optical waveguides
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(a) Silicon-On-Insulator (b) Silicon-Germanium
on silicon
Fig. 2.17 Different kinds of silicon-based waveguides [35, 76].
In Fig. 2.17 (c), with free-carrier plasma effect, the refractive index of Si can be 
decreased with carrier injection or increased with carrier depletion (See equation 2.2). 
Hence the more lightly doped surface layer has a greater index which can be acted as a 
waveguide core. In Fig. 2.17 (d), one of the proven growth techniques for SOI is 
Silicon-On-Sapphire (SOS) [93]. According to Soref [76], the absorption loss of SOS 
waveguides at 1.3 pm is believed to be low but the value was not reported. In Fig. 
2.17 (e), besides S i02, another dielectric material closely lattice matched to Si is Si3N4-. 
Since Si3N4 has the refractive index of 2.0 which is higher than that of S i02 (1.45) at
1.3 pm, the rib structure shown in Fig. 2.17 (e) forms a suitable nitride waveguide 
[35]. In common with SOI waveguides, the lower buried S i02 cladding must be > 0.4 
pm thick to prevent a high leakage loss of the guided wave towards the Si substrate 
[35, 20-21]. In Fig. 2.17 (f), changes in relative oxygen and nitrogen concentration in 
silicon oxynitride (SiOxN y), give rise to changes in refractive index. This can be used to 
fabricate the oxynitride-based waveguide where the refractive index can be determined 
in the range from 1.46 to 2.05 [35]. Si3N4 films usually have high residual stress; 
however, by appropriately choosing the relative concentrations of oxygen and nitrogen 
in SiOxNy, virtually stress-free films can be deposited.
To achieve a good coupling efficiency of an optical waveguide from a single-mode 
fibre by an end-fire method, the cross-section of the former, i.e. the film thickness must 
be at least of similar dimensions to those of the fibre core. However, a larger core 
planar waveguide has a poor rejection of higher order modes, i.e. it is multimode. The 
Si film thickness of an SOI planar waveguide must be reduced to approximately 0.2 
pm in order to have single mode operation at the wavelength of 1.3 pm [36]. This 
small thickness can be difficult for coupling light into the waveguide from a single­
mode fibre which has a core thickness of 4 to 8 pm, using end-fire fibre coupling.
However, in 1991, using the single-mode rib theory derived by Petermann [95], Soref 
et al. [91] overcame the general misassumption that the cross-section dimensions of a 
3-D rib waveguide must be similar to the thickness of a single-mode slab waveguide to 
fulfil the monomode slab criteria. They developed formulae for designing large cross­
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section rib waveguides for single-mode propagation in SOI and SiGe/Si, which is given 
as [91]:
w r
< 0 .3  + - = =  (2.5)
h V l - r
where w/h is the ratio of rib width to height, as shown in Fig. 2.18 [91].
Fig. 2.18 Schematic diagram of an silicon-on-insulator (SOI) rib waveguide [91].
To ensure single mode behaviour, the condition of 0.5 < r < 1, must be satisfied. This 
is because, to have single-mode behaviour in the vertical direction, r > 0.5 produces a 
shallow etched rib which ensures the highest effective index under the central rib will 
be that of the fundamental mode and the effective indices of the next highest order in 
the rib will be lower than that of the outer slabs. Hence the higher order modes in the 
rib are lost [91]. In other words, the thicker the film, the closer the effective index of 
that layer is to that of the refractive index of the waveguiding material (3.5 for Si at X 
= 1.3 pm). Using this design formulae equation 2.5, the width, w, and the height, h, of 
the rib waveguide can be several microns thick, even for a large index step between the 
core and cladding, as in SOI. Hence, this reduces the difficulty of coupling light from a
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single-mode fibre to an optical waveguide. Since their theory was developed, this 
formulae has been popular and used by many authors to design their single-mode rib 
waveguides [43, 81-83, 87-91].
Recently, Pogossian et al [96] used the effective index method (EIM) to consider the 
single mode condition with the SIM OX rib waveguide results produced by Rickman et 
al. [84]. Their EIM’s formula has better agreement with the experimental data of the 
single-mode rib waveguides than that of Soref et al. [91] (Equation 2.5) which was 
given as:
—  < r in TE mode (2.6)
h
where again, r > 0.5, w is the rib width and H is the central rib height. This EIM’s 
formula is similar to that of Soref et al. [91] (Equation 2.5), except that the value of 
0.3 in the latter is omitted.
In 1991, Schmidtchen et al. [88] achieved low loss of ~ 0.5 dB/cm for the single-mode 
SIM OX rib waveguides which had a cross section of 7 by 7.5 pm, rib width and height 
respectively, at the wavelengths of 1.3 and 1.55 pm. These Si rib waveguides were 
large enough for good coupling with the single-mode glass fibres.
However, in June 1992, Rickman et al. [83] reported a lower loss of 0.14 dB/cm for 
the optical attenuation of SIM OX planar waveguides which had a guiding layer 
thickness of about 6 pm at TE polarisation at 1.523 pm. This loss, which is similar to 
that of pure silicon, was the lowest SOI waveguide loss reported until Fischer et al 
achieved 0.1 dB/cm loss for the single mode SOI rib waveguides at the wavelength of
1.3 for both polarisation’s [87].
Occasionally, in photonic integrated circuits, devices built on a large area planar 
waveguides which supports many modes may need to be translated to a narrow- 
channel waveguide, such as rib waveguide. In 1969, Marcuse investigated the radiation
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losses of one-abrupt step (2: 1), as well as taper structures on single mode dielectric 
slab waveguides. It was found that their losses are small with an appropriate design 
and the loss for the latter can be further minimised if the taper length is longer [97]. 
Later, Winn et al. [98] showed that the transformation of light propagating in a 
multimode, wide-channel waveguide to a single-mode rib can be accomplished by 
using a very gentle linear taper which has a cone angle, a  < 1° , where more than 90%  
of the input light from the former structure can be successfully converted to the lowest 
order mode, as illustrated in Fig. 2.19. However, it was not known whether this 
design criteria of cone angle was applicable to all types of dielectric waveguides.
Multimode
waveguide
a < r
Single-mode rib
Tapered structure
Fig. 2.19 Taper structure to be used for coupling light from a multimode waveguide 
to a single-mode propagation [98].
One good example of applying this low loss tapered structure with a single mode SOI 
rib waveguide was reported by Fischer et al. [87]. With a realised taper length of 1 mm 
and a taper width of 14 pm fabricated with a rib width of 8 pm, the resulting taper 
cone angle is 0.1°. The taper loss reported was insignificant, as compared with other 
losses such as Fresnel reflection and the field mismatch between the fibre and the 
waveguide.
2.3.4 Silicon switches /  modulators
Silicon-based guided-wave optics has demanded attention for the last 20 years because 
of the expansion of broadband network delivered to the business/home [1-3]. 
Evolution of' silica-based Planar Lightwave Circuits (PLCs)' conies with the 
development of low-loss silica waveguides on silicon substrates [78-92]. Literature 
reviews on silicon based optoelectronic devices, such as optical switches, modulators,
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directional couplers and waveguides etc. have been done very well by Soref et al. [76, 
99], Jalali et al. [100], Hall [101] and Hickernell [102]. In the early days of the 1960s- 
1970s, not much interest had been shown in silicon (Si) as the material for building 
photonics devices or optoelectronic integrated circuits (OEICs). This was mainly 
because crystalline-Si is an indirect bandgap semiconductor and it lacks a Pockels 
effect and has a low carrier mobility. It was not until Soref et al. [4-6] showed, not 
only that Si has a low absorption loss at the telecommunication wavelengths of 1.3 and 
1.55 pm, but also the possibility of modulation in Si by the plasma dispersion effect 
(injection of charge carries), that the work of Si in infrared-guided photonics and 
OEICs began.
In 1986, the first electro-optical modulation device in Si by carrier-injection was 
developed by Soref et al. [5]. This p+-n-n+ modulator was built on a single-mode 
silicon-on-insulator (SOI) rib waveguide. It was found that the interaction length of the 
modulator required for a 7i-radians phase shift was less than 1 mm and the 
corresponding loss was < ldB at A, = 1.3 pm for both polarisations.
This effort to make active optical devices in Si was continued by Lorenzo et al. [103] 
and in 1987, the first 2 X 2  electro-optical switch in Si at A = 1.3 pm was developed, 
as shown in Fig. 2.20.
c a r r i e r - i n j e c t i o n
REGION
Fig. 2.20 2 X 2  guided-wave silicon optical switch by injection of free carriers [103].
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The Si optical switch was fabricated on a p+-n-n+ diode and the lateral optical 
confinement was provided by the S i02/Si rib walls. When there was no input of 
current, the device remained in an “off ” state where the optical power was divided 
equally at the 2 output ports. However, with an input current density, J = 1.26 kA/cm2, 
applied at the p+n junction, the device experienced an “on” state which switched 50 %  
of the optical power from the output straight-through channel port 3 to the output 
cross channel port 4. Although this device was not optimised, it reaffirmed the plasma 
dispersion effect in Si.
Later, a Si switch based on total internal reflection (TIR) and the free-carrier effect 
was proposed by Liu et al. [104], as shown in Fig. 2.21. These Si switches had the 
response time of approximately 100 ns (5 MHz) and > 90 % modulation depth (high 
extinction ratio) with the input current ranging from 60 to 85 mA at the wavelength
1.3 pm
Fig. 2.21 Schmatic diagram of the Si switch based on total internal reflection [104].
The interest of modulation in Si continued to take off and in the 1990s, many workers 
have gone into building the Si phase modulators using Mach-Zehnder (M-Z) 
waveguide interferometers the principle of which is shown in Fig. 2.22.
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Output intensity
Fig. 2.22 Mach-Zehnder (M -Z) waveguide interferometer
The interferometer converts the phase modulation into an intensity modulation. This is 
because the intensity profile of the output wave depends on whether constructive or 
destructive interference is formed after the modulated optical wave and the unchanged 
input reference signal are combined at the output arm [36]. The condition of the phase 
change in the modulation is given by:
4 * = < 2 - 7 1
where A(j) is the change of phase, An is the change of refractive index of the dielectric 
waveguide, X is the input wavelength in free space and L is the interaction or 
modulation length of the modulator. As can be seen from equation 2.7, a change of 
refractive index in Si by the injection of free carriers will cause the change in the 
output phase. Hence a n radian and 0 radian phase shift of the optical wave at the p+ n+ 
junction will cause a zero and a full intensity at the output, respectively, after the 
unmodulated input signal from the reference arm is recombined with the phase- 
changed signal.
In 1991, Treyz et al. [7] developed a Si thermal-optical M -Z waveguide modulator 
which had a experimental response time of <  50 ns (Equivalent to a frequency of 10 
MHz), and a modulation depth of -  4.9 dB at the wavelength of 1.3 pm, for an
Input signal
J............
n
/
Reference arm
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injected carrier concentration of 5.6 X  1017 cm'3. This modulator however had the 
same problem as that of Lorenzo et al. [103], being a mulitmode rib waveguide which 
experienced an high waveguide loss. In addition the latter had a slower switching time.
In 1993, Fischer et al. [90] partially rectified this problem for the M -Z  interferometer 
modulator with a p-i-n device by using a single-mode SiGe rib waveguide. The 
measured modulation depth was increased to -1 0  dB at the same wavelength of 1.3 
pm, with a current of 150 mA which was the lowest value reported at that time. 
However, the switching time of their device was not reported. With this concept of 
single-mode rib waveguide, Fischer et al. [89] also achieved a better thermal-optical 
M -Z interferometer switch than the Treyz et al. mulitimode device [7]. The modulation 
depth of the former, fabricated on SOI, was measured at 13 dB and the switching time 
obtained was 5 ps (10 times faster than Treyz’s [7]) at the wavelength of 1.3 pm. 
These thermal optical switches used the property of high thermal coefficient in Si 
which is given by + 2 X  10'4 IC1 (at X = 1.3 pm). Nevertheless, the change of index 
through this heating effect can sometimes be a nuisance to the Si modulator which was 
designed to operate solely by plasma dispersion.
In 1994, Tang et al. [81] from the University of Surrey, simulated an highly efficient, 
low loss single-mode optical phase modulator (p-i-n diode) in SOI at the wavelength 
of 1.55 pm and subsequently, in 1995, this device was fabricated in a SIMOX  
waveguide where the figure of merit - the induced phase shift per volt per millimeter, 
of the device was measured to be >  200°/V/mm and the drive current was < 1 0  mA 
[105]. The former and the latter are the highest and lowest values reported to date, 
respectively. Hence, this low input current eliminated the undesirable thermal-optical 
effect on the device.
In addition, Zhao et al. [8] also fabricated a similar Si M -Z  interferometer phase 
modulator at 1.3 pm with the switching time o f < 0.2 ps (2500 GHz) and a modulation- 1 
depth of 98 %  at a forward biased voltage of Q.95 V  with an active zone length (L)_of v. 
0.82 mm. However, the value of this switching time remains unconvincing. Firstly, it is
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known that Si lacks a Pockels effect which is the key attribute for fast modulation of 
up to GHz (109) and above. Secondly, using the same SOI structure and carrier 
injection technique, they attained a much lower speed of 2.5 MHz (210 ns) for their Si 
directional coupler switching device [106] and a speed of 5 MHz (100 ns) for their Si 
total internal reflection switching device [107]. Hence, the results of their 3 Si switches 
are far too inconsistent using the same SOI geometry [8, 106-107], especially of the 
incredible high speed of their Si M -Z interferometer they have claimed [8].
Subsequently, in 1997, Rickman (Formerly a PhD student from the University of 
Surrey), who is the founder of Bookham Technology Ltd., developed an SOI optical 
transceiver using the silicon-based integrated optical technology called ASOC (Active 
Silicon Integrated Optical Circuits) [108]. This integrated optical transceiver can be 
used in optical networks, such as local area networks and fibre to home connections 
[1-3]. Its schematic diagram is shown in Fig. 2.23 and it was then realised as a 14-pin 
dual-in-line package whose photograph is illustrated in Fig. 2.24 [1].
Fig. 2.23 Proposed optical transceiver in SOI [1].
Fig. 2.24 14-pin dual in line package single fibre optical transceiver [1].
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The internal design of the transceiver consisted of an hybridised InP (Indium 
phosphide) laser diode, SOI rib (silicon-on-insulator) waveguide, ‘S ’-bends structure, 
‘Y ’ -junction power splitter, directional coupler and photodiodes [1]. The company 
reported that this SOI device has an operation speed of 155 Mb/s [109-111].
In 1997, Cutolo et al. [112] proposed a novel Si optical amplitude-phase modulator in 
SOI which had a 3 terminal electronic structure (a bipolar mode field effect transistor - 
BMFET). It was predicted that this modulator could give a figure of merit of 
215°/V/mm with a switching time of < 3.5 ns (140 MHz) at the injection power of 43 
mW. This higher switching speed than the p-i-n modulator was possible because the 
third electrode could provide a more accurate control of the plasma distribution of the 
injection carrier in the channel through an appropriate bias. Hence, this fast speed Si 
modulator has the potential for a low cost local area network (LAN) or fibre to home, 
where a frequency bandwidth of a few hundred MHz are sufficient.
Recently, Vonsovici et al. [9] also proposed an higher speed p-i-n phase modulator in 
SOI. The SOI modulator had a very thin Si film of 0.2 pm which enabled a modulation 
bandwidth of > 100 MHz at the operating wavelength of 1.3 pm with carrier injection. 
The distance between the p+ and n+ was 6 pm and the doping level was 1019 cm'3. It 
was predicted that the change in effective refractive index ranged from 5 x 10'4 to 10'3 
and the corresponding phase shift efficiency was 160°/V/mm with a forward biasing 
voltage of 0.8 V.
In the following section, Table 2.2 summaries different types of Si-based optical 
switches and modulators, of which most have discussed in this review.
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Table 2.2 Summary of Si-based optical switches and modulators.
•' /
Year Authors Optical
structure
Modulation
depth
(% )
Figure of 
merit 
[7V-mm]
Current
density
[kA/cm2]
Modulation
speed
[MHz]
1987 Lorenzo 
et al. [103]
SOI cross 
switch
50 1.26
1991 Treyz 
et al. [7]
SOI phase 
modulator
65 1.6 >  10
1994 Liu 
et al. [104]
SOI TIR- 
S witch
>90 12.5 5
1995 Tang 
etal. [105]
SOI phase 
modulator
200 0.175
1995 Zhao 
et al. [8]
SOI phase 
modulator
98 25x105
1996 Zhao 
et al. [106]
SOI directional 
coupler switch
2.5
1997 Zhao 
et al. [107]
SOI TIR- 
S witch
5
1997 Rickman
[108]
SOI phase 
modulator
20
1997 Bestwick 
et al. [109]
SOI phase 
modulator
150
1997 Cutolo 
et al. [112]
SOI phase 
modulator
215
predicted
0.8
predicted
> 140 
predicted
1999 Vonsovici 
et al. [9]
SOI phase 
modulator
160
predicted
0 .5 -  1.6 
predicted
> 100 
predicted
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2.4 Summary
In the review of (i) Waveguide grating couplers, it has been seen that high output 
efficiency grating couplers can be achieved either through the fabrication of sawtooth 
and parallelelogramic blazed gratings, or rectangular gratings with buried reflective 
layers. Profiles of the blazed gratings fabricated by different methods have been shown 
and discussed. The sawtooth blazed profile can either be produced directly by tilting 
the wafer at an angle during the ion beam etching, or by the technique of direct 
electron beam writing with variable electron dose. The latter method is however less 
effective in creating a good asymmetrical profile due to the scattering of electrons 
during the lithography process, especially when the pitch of the grating is in the 
submicron range. Various sawtooth blaze angles can be fabricated by tilting the wafer 
at different angles in the ion beam chamber. The creation of parallelogramic blazed 
gratings may be more complicated than the sawtooth blazed gratings. This is because 
the former may require a Faraday cage which consists of a cathode grid to avoid 
distortion of the plasma field in the chamber that redeposit the material on the undercut 
profile of the grating teeth of the parallelogramic gratings. Deeper etched gratings are 
easier to produce with the former grating profile and its Bragg blaze angle is less 
dependent upon the grating depth, as compared with the latter gratings [73]. In 
addition, it has been theoretically proved that parallelogramic gratings have a stronger 
radiation factor (leakage factor) and therefore require a shorter grating length than the 
rectangular and sawtooth blazed gratings [73]. Hence the fabrication tolerance of the 
parallelogramic gratings can be less demanding.
In the review of (ii) Integrated optics in silicon, silicon-based optical waveguides, have 
proved to be attractive for integrated optics applications because of their (a) low 
material and fabrication cost (b) low optical waveguide loss (~ 0.1 dB/cm) (c) robust 
interface with external devices such as single mode fibres using large area single mode 
rib waveguides and etched V-groove on waveguide produced by the micro machining 
technology (d) optical modulation by injection of carriers. However, the disadvantages 
of Si are that it lacks a Pockels effect and it is an indirect bandgap semiconductor. The 
former results in Si modulators being a relatively low speed device (10-20 MHz):'
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However, it has been reported that using a thin Si film (~ 0.2 pm) in SOI, faster 
modulation speeds > 1 0 0  MHz are possible [9].
Hence, to produce a robust, low loss and a cheaper grating coupler in our work, thin 
film SOI waveguides are chosen to be our base material. In order to produce a grating 
coupler which has an high output efficiency, we decided to fabricate sawtooth blazed 
grating couplers using the angled Ar ion beam technique at the University of 
Southampton and rectangular grating couplers incorporating a reflective buried oxide 
layer in SOI. These thin-film SOI grating couplers can then be developed for higher 
speed modulators.
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Chapter 3 
Theory
3.1 Introduction
This chapter first introduces the general theory of grating operation, then it goes into 
the theory of the grating coupler. Grating parameters such as the output efficiency, 
grating period, beam angle, leakage factor, grating height, input beam width and 
coupling length will be discussed. In addition, the design formulas of the right-angled 
and parallelogramic blazed gratings will also be given. The design concepts of the 
grating period, beam angle, input beam width and the coupling length of the 
rectangular gratings are applicable to the blazed gratings. Furthermore, the effective 
refractive index of our waveguide guiding layer calculated by the Effective Index 
Method (EIM) will also be presented. The EIM was written in the Pascal programming 
language which can be found in Appendix A. This program is applicable to calculate 
the effective indices of rib and planar waveguides. Moreover, the output efficiencies of 
our SOI rectangular and sawtooth blazed grating couplers were predicted using the 
perturbation theory. This perturbation analysis was simulated in the Maple software 
which is presented in Appendix B. The input parameters describing the grating profiles 
such as the rectangular, ideal right-angled and non-ideal trapezoidal blazed gratings in 
the program will be illustrated. In addition, the methods of fabricating the gratings and 
the factors that contribute to the loss in the SOI waveguides will also be discussed.
3.2 Grating theory
A  periodic structure which diffracts light into specific directions (diffraction orders) are 
called diffraction gratings [10]. These diffraction orders are determined by the grating 
period and the wavelength of. the .incident light. One of the common diffraction ! 
gratings, which is mainly used in spectrum analysers, is .called the reflection -grating.. 
[10]. It consists of periodic grooves that reflect an incident beam into different
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diffraction orders as shown in Fig. 3.1 [113]. The fundamentals of grating theory can 
often be most easily understood using a reflection grating, as it forms the basis of 
grating couplers, including waveguide grating couplers and feedback gratings used in 
the DBR (Distributed Bragg Reflection) and DFB (Distributed Feedback) lasers [113].
Fig. 3.1 (a) A  reflection gratings, (b) The corresponding wavevector diagram [113].
The diffraction orders are determined by the phase-matching condition of the incident 
beam and diffracted beams. Fig. 3.1 (b) shows a wavevector diagram of the reflection 
grating that is often used to illustrate the phase-matching requirement of the beams.
In the wavevector diagram, K, k* and km are denoted as the grating vector, the incident 
and diffracted beam wavevectors respectively. They are given by [113]:
(a) (b)
d
(3.1)
(3.2)
(3 .3 )
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where d is the period of the grating, A is the wavelength of the light in vacuum, and nj, 
nd are the refractive indices o f the media containing the incident and diffracted beams, 
respectively. There will be a finite number o f diffraction orders, m, and the components 
o f the wavevectors in the x- and z- directions are given as kix, k™, kiz, and kmz, 
respectively. Constructive interference in specific directions occurs when the relation 
between the diffracted and incident wavevectors in the plane of grating is [ 10 , 113]:
kmz = kiz ± mK; m = ± 1, ± 2, ... (3.4)
where m is an integer which is also known as the diffraction order of the diffracted 
beams, with
kiz = kisin ( 0 i )  (3.5)
kmz =: kmsin (0m) (3.6)
0 i , 0 m are the angles of the incident and diffracted beam respectively, as shown in Fig.
3.1 (a). The diffracted beam angles, 0 m, where the phase-matching conditions are met, 
can be known, by solving from equations (3.4 - 3.6):
sin (0m) = —  ( n; sin (00 ± m— ) (3.7)
nd d
When the incident and diffracted beams are in the air, i.e. ^ = rid = 1, equation 3.7 can 
be simplified as:
sin (0m) = sin (00 ± m— (3.8)
d
This expression is known as the grating equation. The wavevector diagram will 
determine whether the expression will be an addition or a subtraction. Further details 
on this can be found from references [10, 46]. Generally, the grating equations for the 
reflection grating and feedback grating (Bragg grating) are [1131: ; * y
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sin (9m) = sin (Ofl -  m— (3.9)
d
whereas for an output grating coupler, the grating equation becomes [10]:
)
sin (9m) = sin(9j) + m— (3.10)
d
to satisfy the phase-matching requirement of the diffracted and incident beams [10].
3.2.1 Feedback grating
Feedback gratings are used when an high selectivity of a wavelength is needed, or 
when an high spectral purity is required in a waveguide (e.g. DFB and DBR lasers) 
[34]. In this case, diffraction back into the waveguide occurs only for certain values of 
the grating periodicity, d. These values are given by equation 3.9 with sin (0m) = -  1;
d = ^  (3.11)
2N
3.2.2 Waveguide grating couplers
In Fig. 3.2, a waveguide grating coupler is shown, where an incident beam is 
propagating under the grating [10]. The grating is used such that the guided beam is 
perturbed and scattered into certain directions. Gratings can be used as input and 
output devices for integrated optical devices when they are fabricated on the 
waveguides [11]. The role of an input grating coupler is to transform an incident laser 
beam into a guided wave propagating inside the waveguide, whereas an output grating 
coupler converts the guided wave into an output beam (Fig. 3.2). In the latter case, the 
beam is diffracted into the air (nd = 1 ), and into the substrate (nd = nsub) for a 
symmetrical grating (rectangular or sinusoidal profile) [11]. In feedback gratings, the 
diffraction occurs back into the waveguide where a resonant wavelength (Bragg 
wavelength) will be reflected (nd= nsub) [113]...:.,
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Fig. 3.2 An output waveguide grating coupler with output beams at the diffraction 
orders o f - 1  and + 1 [ 10].
When m = 1, as in the grating equations 3.9 and 3.10, this type of grating is known as 
a first-order grating since only one order of diffraction is allowed. It can be used as a 
pure feedback element and hence a feedback grating coupler.
There is also another type o f grating, known as a second-order grating. The period of 
this grating is designed with m = 2 , where light is reflected through second-order 
diffraction, as it satisfies equation 3.9. In addition, light will also emit to the surface 
and substrate at normal through the first diffraction order. Hence a second-order 
grating simultaneously acts as a feedback and an output grating coupler [113].
If the grating period o f the second-order grating is smaller, it becomes a pure output 
coupler where the beams are diffracted towards the surface and substrate with an angle 
near the surface normal, at the first diffraction order [10, 113]. Such a grating is 
known as a detuned second-order grating [113]. This grating is also referred as first 
diffraction output grating Goupler [10]; -
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3.2.3 Output waveguide grating coupler
For an output grating coupler, the incident wavevector is parallel to the grating vector, 
i.e. sin (00 = 1. The refractive index, ni, is replaced with the effective refractive index, 
N, o f the waveguide mode. Hence the grating equation 3.10 o f an output waveguide 
grating coupler can be rewritten as:
sin (0m) = N + m -  (3.12)
d
In order for the output beam to be radiated into the air, the diffraction order, m, must 
be a negative value to satisfy the condition o f sin (0m) < 1 [10]. Furthermore, to gain 
optimum output efficiency, the grating must be designed at the first diffraction order to 
avoid higher -order losses. Therefore m becomes -1. The basic design requirements 
for an efficient output coupler are then given as [ 10]:
sin (4>_i) = N —— (3.13)
d
and
f -  — N > ns (3.14)
d
where <j).i and ns are the output beam angle at the diffraction order of - 1  and the 
substrate refractive index, respectively (See Fig. 3.2).
X
A positive value <}>_i requires N > — whereas a negative value (fu results from N <d
X
~  (See equation 3.13). The former case is denoted as a forward outcoupling, i.e. <J>_i
is on the right-hand side with respect to the normal while the latter is referred as a 
backward outcoupling where the output beam is radiated towards the left-hand side of 
the surface normal [10]. It can be shown that for a forward outcoupling, the grating 
period, d, has a narrower range o f values to design from to satisfy the conditions of 
equations 3.13 and 3.14. than the backward outcoupling [10]. However the latter will 
have the output beam criss-crossing with the reflected incident beam which may add 
inconvenience to the beam power measurement.
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In addition, it is essential for (Jm to be designed for at least 3 to 4 degrees because (j).i = 
X0, i.e. N = — results in Bragg resonance at the input waveguide which prevents light 
d
from propagating to the output coupler [10]. In many cases, it is desirable to have the 
light outcoupled to near surface normal to allow easy access o f surface to air optical 
interconnections. This surface-normal coupling is also commonly used for vertical 
output coupling for surface emitting lasers which are normally known as grating- 
coupled surface-emitting lasers (GCSELs) [17-18, 113].
By choosing an arbitrary value o f output beam angle, <j)_i (0° to ± 90°) for a given 
waveguide which has an effective refractive index, N, at an operating wavelength X, 
the value of the optimum grating period, d, can be calculated from equations 3.13-
3.14. This ensures that the output grating coupler is designed at the diffraction o f -1 
which gives the optimum output efficiency [ 10].
3.2.4 Output efficiency
Grating couplers which use symmetrical rectangular gratings usually have their energy 
split equally between the cover and the substrate region [1 1 ], i.e. the maximum 
coupling efficiency is 50 % as shown in Fig. 3.3 (a). This is because the geometry of 
this grating profile does not exhibit a directionality o f the output coupled beams. In 
order to attain a maximum input coupling efficiency, the intensity beam profile of the 
incident beam of the input coupler must match to that of the outgoing beam in the 
output coupler, i.e. an exponential decay profile [11]. However in practice, the shape 
o f the input beam at the input coupler is that o f a near-Gaussian profile. Hence due to 
this mismatch, when the output coupler is used as a input coupler, it only allows a 
maximum of approximately 80 % of the incoming energy to be coupled into the guided 
surface wave [11]. Therefore the maximum efficiency of the input coupler in this case 
is 40 % (c.f. 80 % of 0.5) for an incident Gaussian beam [11] as depicted in Fig. 3.3 
(b). This efficiency is only obtained if designed parameters such as the grating period 
and the grating depth are accurately achieved after the fabrication, otherwise the 
maximum efficiency may be less than 0.4 [11]. . . • ..
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(a)
Fig. 3.3 (a) An output grating coupler o f a symmetrical rectangular profile which has
its output efficiency reduced by half as the rest of the energy is diffracted into the 
substrate region as a transmitted beam, (b) By reciprocity, the same coupler can also 
be used as an input coupler but its coupling efficiency drops further by 20 % to 0.4 as 
the incident beam profile is a near-Gaussian-shaped which is different from the output 
beam profile [ 1 1 ].
Alternatively, we can adopt an asymmetric profile such as blazed gratings shown in 
Fig. 3.4 to direct most of the output beams into a desired region (air in this case), i.e. 
the loss due to transmission into the substrate layer can be minimised [12-16]. 
Therefore the output efficiency o f the asymmetric blazed grating is predicted to be 
from 90 % to 100 %.
1.0
Film
Buried
1 ■ j >>  ■ Substrate
(a)
Air
^ ---------- 1.0 Film
Buried
(b)
Fig. 3.4 Asymmetric blazed grating used in a coupler which diverts most of the 
beams into either upper air region or lower substrate region, (a) Incident surface wave 
from the left is outcoupled into the air due to the geometry o f the grating with an 
efficiency equal to 1. (b) Input from the right will couple the beam into the substrate 
instead [ 1 1 ].
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3.2.5 Leakage factor
One of the important properties of an output coupler is the leakage factor, a, which is 
also known as the radiation factor. The leakage factor is defined as the amount of light 
outcoupled per unit length of the grating (unit = cm'1). It is often associated with the 
coupling length of the grating, L, which is the reciprocal value o f the leakage factor 
[11]. The coupling length of an output coupler is denoted as the length required for all 
of the light to be radiated out o f the coupler. It is desirable to have a minimum L 
(maximum a) so that the fabrication and material costs of the coupler are cheaper and 
it has the compactness for integrated optics applications.
The highest leakage factor for a grating is achieved when its duty cycle is 50 % [10, 
113]. For a symmetrical rectangular grating, the relationship between the leakage
factor, a  and the grating mark-to-space ratio, — is given by [ 1 1 ]:
d
a  = a h ( nr2 - na2 )2 si n2 (3.15)
where ah is a constant, nr is the refractive index of the grating and n a is the refractive
index of air. By inspection, a  reaches its maximum value when the ratio — is equal to
d
.  / 1 )
0.5 since sin ^27^ Therefore to obtain an higher value o f a  for a stronger
coupling process in the grating, the design of a rectangular grating is restricted to have 
the aspect ratio of — =0.5.
An exact calculation of a  is very complicated but may be evaluated by rigorous 
methods [34]. These methods are very time consuming to evaluate an extremely 
accurate value of a. Therefore we adopt the perturbation technique within a 10 % 
tolerance developed by Tamir et al [10]which_ gives a.reasonably.-good result of a  for 
much less complexity. The calculation of the average value o f a  for our grating 
couplers is given by [ 10]:
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For TE mode:
a
_  !  ( 6 f - N 2 ) ( 8 r - 8 a T Ad
2 tc N(sf - e g)2 N rXu
At
(3.16 a)
eff
For TM mode:
_  1 (sf - N  )(er - s a)2
27t2Nsts )2N
2A t Al 2N2 —8 + N ---- Adg L A J d j
N - e „  +
f \2 S„ '
(ef -  N2)At eff
V ° f  J
(3.16 b)
where sa , er , Sf are the permittivity o f air, grating and film of the waveguide 
respectively; teff is the effective thickness of the grating which is given by the sum of 
the film thickness, tf, and the evanescent decay distance of the field into the upper 
cladding and the lower substrate, respectively [10-11, 35], i.e.
t  = t  + - A -  +  - L  ( 3 .1 7 )
eff f k c ks V }
where
kc= y f l T T T 2 (3.18)
ks= ^ N 2 - n s2 (3.19)
where N and A are the effective index o f the waveguide guiding layer and the 
propagating wavelength in free space, respectively; nc and ns are the refractive indices 
of the cladding and substrate, respectively. Furthermore, A is given as [10]:
A = -    (3.20)
7 77v,
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3.2.6 Grating height
Another important parameter for designing a grating coupler is the grating depth, tg * / 
which is dependent upon the leakage factor, a, as shown in Fig. 3.5 [10-11]. a  *
increases with the grating depth since the overlap between the guided mode o f the 
incident beam and the grating increases.
Fig. 3.5 Typical relation between the leakage a  and the grating depth tg of a canonic 
rectangular dielectric grating [ 10- 1 1 ],
From Fig. 3.5, it is important to note that the leakage factor, a  is proportional to tg2 
for small values o f tg until the saturation region sets in where tg is greater than the 
value tg* which is given by [ 10]:
where N and X are the effective refractive index o f the waveguide guiding layer and the 
wavelength in vacuum, respectively and ss is the average dielectric constant in the 
grating region which is given by [ 10]:
a
X (3.21)
g8 -  na * Dr for 50 % duty cycle (3.22)
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However, there will not be any significant increase in a  when tg is greater than the 
value o f tg* [11]. It is preferred though to have a deeper grating, i.e. tg > tg* because a 
slight change of value o f tg for a shallow grating (tg < tg* ) after the fabrication will 
cause a drastic change in a  due to the parabolic region as shown in Fig. 3.5 [11].
with nr is the refractive index of the dielectric grating and na = 1 for air in this case.
In the design of our grating couplers, equation 3.21 only serves as an approximate 
guideline for determining the optimum grating height to give maximum output 
efficiency. To accurately design the optimum grating height o f our rectangular and 
blazed grating couplers, we use the perturbation analysis presented in Appendix B to 
predict the output efficiencies o f the couplers based upon different grating heights [10 , 
56].
3.2.7 Input beam width and coupling length
To have maximum input coupling efficiency of a grating coupler, an optimum value of 
incident beam width must also be determined [11]. From the beam geometry at the 
input coupler shown in Fig. 3.6, we can deduce that
0.5wg
W o= 7-j—  (3.23)
C O S ( - ( j )  -  i )
where wG is the full beam width of an incident Gaussian beam and the input beam angle 
in this case is <j>_i which is the angle o f the output beam designing at - 1  diffraction 
order by reciprocal theorem [1 1 ].
Tamir et al [10-11] found that to achieve maximum input coupling efficiency, it is 
essential that equation 3.23 satisfies the condition:
2aw 0= 1.36 (3.24)
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where 1.36 is the optimal value related to the lateral displacement o f the beam on the 
gratings to give maximum input efficiency [51].
From equations 3.23 and 3.24, we obtain
awG = 1.36 coscj)_i (3.25)
where a  can be acquired from equation 3.16 (Page 59).
In addition, the grating coupling length, L was also found to be inversely proportional 
to the leakage factor, a  [10- 1 1 ], i.e.
L = 1/a (3.26)
Incident beam
Fig. 3.6 Schematic diagram of an incident beam which has a full Gaussian-width of 
wG input at the grating coupler [1 1 ].
However in reality, we would like to design the coupling length much larger than this 
calculated value to ensure the light is completely coupled in and out o f the grating " 
coupler and to compensate for the minimum value of a  when it resides at the lower 
peak o f the oscillation cycle, as shown in Fig. 3.5. We can also see that the stronger
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the coupling we have, i.e. the larger the a  is, the smaller the value of coupling length is 
required for a coupler. Full Gaussian-beam width, wG can also be expressed in term of •' / 
L by substituting equation 3.26 into equation 3.25 which turns out to be : /
wG = 1.36-L-cos4>_i (3.27)
Hence with equation 3.27, we can calculate the value of the optimum input beam width 
after the grating coupling length and output beam angle are known.
The validity of equation 3.27 has been experimentally reaffirmed by Pascal et al. [114] 
but the workers mistakenly defined half the input beam width in their equation to 
optimise the input coupling efficiency, instead of full beam width as in equation 3.27.
Finally, Fig. 3.7 shows the schematic diagram of the input and output rectangular 
waveguide grating couplers with all the grating design parameters.
3.2.8 Sawtooth blazed grating couplers
Asymmetrical right-angled blazed gratings shown in Fig. 3.8 are known to have an 
output efficiency approaching 100 % [11-16] because of their directional capability
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created by the grating shape which directs all the light into the desired direction IM­
IS].
Incidence 
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Fig. 3.8 Geometry of blazed grating couplers for input and output coupling of light 
of which the theoretical coupling efficiency is almost twice that o f a rectangular grating 
coupler’ s [ 1 1 ].
In 1980, Chang et al. [15] used the Bragg-reflection condition to design high output 
efficiency right-angled blazed gratings of which the blazed profile still satisfies the
condition of (j)_i = sin'1 at the diffraction order of -1  as derived for symmetric
rectangular gratings [10]. The leakage factor, a  of the blazed grating was found to be 
approximately 1.75 times the rectangular grating. Subsequently, the authors simplified 
the design of these right-angled blazed gratings into one simple equation [15]:
tanyB = — =
XT *n* + N -----
_______ d
XT ^n* -  N H—  
d
(3.28)
where yB is the Bragg angle of the blazed grating, d is the grating period, tg is the 
grating height, N is the effective index of the waveguide guiding layer, \ is the free
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space wavelength and ng is the average refractive index in the blazed grating which is
given by
as shown in Fig. 3.9 in which n r and na are the refractive index o f the grating material 
and air respectively.
Fig. 3.9 Schematic diagram of the right-angled blazed grating [15].
However, in reality, fabrication of this ideal right-angled blazed grating is virtually 
impossible. This is because the resulting blazed gratings after fabrication often have 
their sharp teeth cut off at the top or a non-ideal second slanting slope will be formed, 
due to the fabrication tolerance. This is supported by the SEM photographs of the 
blazed gratings [24-28, 58-62] shown in chapter 2.
Hence, instead of using equation 3.28 to design the ideal blazed gratings, perturbation 
theory [56] should be used to predict the maximum output efficiency of the non-ideal 
blaze profile. In addition, it is also able to predict the output efficiencies of the 
arbitrary blaze profiles with different grating heights. Hence we wrote this perturbation 
analysis in a mathematical program called Maple (Presented in Appendix B) which can 
be used as a tool for designing waveguide grating couplers. '
for a 50 % duty cycle (3.29)
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3.2.9 Parallelogramic blazed grating couplers
In 1994, Li et al. [73] used the perturbation method developed by Streifer at al. [54] 
to propose a parallelogramic grating that can provide a stronger blazing effect than the 
sawtooth blazed and rectangular gratings. In other words, parallelogramic gratings 
exhibit stronger radiation and hence a shorter coupling length than the sawtooth 
blazed gratings, although both o f them possess strong directionality towards the 
superstrate. Moreover, parallelogramic shaped gratings are not as restrictive as the 
sawtooth blaze in geometrical design because the former blaze angle has a larger 
tolerance in fabrication.
However, parallelogramic grating couplers gives a smaller radiation leakage factor 
(longer coupling length) than the symmetrical rectangular gratings when the grating 
depth is < 0.45 pm [73] and the fabrication method is more complex than the 
sawtooth blazed gratings. During fabrication, an unconventional Faraday cage needs 
to be used to produce the tilted undercut sidewalls [67]. Nevertheless, it is easier to 
fabricate a deeper grating groove in parallelogramic gratings than the sawtooth blazed 
gratings due to the geometrical structure.
The optimum blaze angle, 0b , o f the parallelogramic gratings shown in Fig. 3.10 is 
given by [73]:
X (3.30)
where A is the period of the grating, N is the effective index of the 3-layered 
waveguide, X is the wavelength o f the input laser beam in free space and ng is the 
average refractive index in the parallelogramic blaze grating which is given by
and na and nf are the refractive indices of the air and waveguide film respectively.
Guided wave
Fig. 3.10 Schematic diagram of a parallelogramic blazed gratings [73].
3.3 Effective Index Method for waveguides
Effective refractive index of a waveguide guiding layer can be found by the Effective 
Index Method (EIM). We have written a software program in Pascal for the EIM to 
solve the effective index, N, numerically for a rib waveguide [35] and this program can 
be found in Appendix A. The program is applicable to calculate the effective refractive 
index of a planar waveguide, as in the case for our grating couplers in SOI. The planar 
waveguide effective index can be found by inputting the Si film thickness of the 
waveguide as the central rib height in this program.
EIM reduces the refractive index distributions o f a rib waveguide from two dimensions 
into one and hence simplifies the calculations [35]. The values of effective indices 
found by this method yield reasonable results under many conditions [96] and they are 
comparable to those found by more complicated methods such as the field-shadows 
technique developed by Marcatili [115]. To find out the value of the effective 
refractive index, N, for a rib waveguide at TE mode, it is essential to evaluate N from 
the • eigenvalue equation [35]:
(3.32)
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where m = 0, 1, 2, 3 ....; tf is the film-thickness of the waveguide and
kvr = 7nr2 -  N2
X 
271
ky, = 4~ V n 2 - n a:
A
kvb= ■+V n 2T>-yb nb
(3.33)
(3.34)
(3.35)
where N is the effective refractive index o f the optical mode that is to be found, nf, na, 
and nb is the refractive index of the film, air, and the buried layer respectively, and X is 
the propagating wavelength in free space.
Assuming that we are only interested in the fundamental mode, i.e. m = 0, equation 
3.32 can then be simplified as:
t a n " f e ) + t a n ' { £ )  - 2 M f  = 0
(3.36)
Alternatively it can be expressed as:
tan*
In 2 - 2 ^-na
Inf2 -- N 2 J
+ tan
IN2 - n t 2 
nf2 -  N2 - 2 t + 7 n f 2 -  N2 = 0 (3.37)X
in term of N, na, nb and nf. The effective index, N, is then solved from equation 3.37 in 
the program presented in Appendix A.
3.4 Perturbation theory for gratings
The designs of the rectangular and blazed gratings in SOI presented in this work are 
based on the perturbation theory for an equivalent transverse network developed by 
Chang [56]. This Improved perturbation method provides a very good design 
algorithm for the optimum parameters and the maximum coupling efficiency of the 
grating couplers which have symmetrical and asymmetrical grating profiles. Moreover,
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it gives more accurate results than the perturbation method developed by Streifer et al. 
[13, 54] for trapezoidal gratings as the latter involves a more complicated function in 
the programming. Chang’s simulation produces results within a short computation 
time which is not the case in the exact theory developed by Marcuse [116-117] where 
a large determinental equation for solving the complex propagation factor o f the 
guided mode is required [56]. In addition, Chang’s theory has the edge over Neviere 
et al. [118] and Peng et al. [119] because Neviere’s requires complex numerical 
integrations and Peng’s does not satisfy problems for other profiles besides the 
rectangular profiles [56].
Chang’s rigorous method [56] mainly only involves simple numerical differentiation 
and the fast computation time was achievable by firstly obtaining the first-order 
numerical results through the perturbation analysis. The perturbation procedure 
describes the electro-magnetic fields in terms of equivalent transmission-line networks 
which evaluate the role of each grating parameter and predict the change in coupling 
performance when any of the parameters varies [55].
In conclusion, Chang’s method provides two distinct advantages: (i) the accuracy of 
the results are obtainable through the simplicity of perturbation procedures which have 
an uncertainty of 10 % when compared to the exact theory, and (ii) the equivalent 
transmission-line networks which describes the electromagnetic fields provides a 
useful evaluation of the overall parameters o f the dielectric gratings [55-56]. More 
importantly, the calculations of the output efficiency with the grating heights are 
consistent with grating couplers that have a deep modulation or large refractive index 
difference between the guiding layer and the cladding layers, as it is in the case of SOI.
In addition, in this work, the fabrication tolerance of the gratings exceeds the 
uncertainties between the perturbation and the exact numerical method [56, 118]. 
Hence, it is not essential to theoretically design the optimum grating depths with an 
absolute accuracy using a very complicated method. In this work, the program of this 
improved perturbation method [56] was written in Maple software (Mathematical 
program) to predict the output efficiencies o f symmetrical rectangular, asymmetrical 
ideal right-angled blazed gratings and non ideal trapezoidal blazed gratings in SOI.
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The simulation program is shown in Appendix B and the following sections will 
describe the parameters necessary to input into the perturbation software program to 
define the rectangular and sawtooth blaze profiles. Before using the program, the 
value of the grating period, d, has to be determined using equations 3.13 - 3.14 (page 
55), as well as the effective refractive index, N, o f the waveguide using the EIM 
program in Appendix A. In addition, the film thickness of the waveguide and grating 
height are also needed.
Hence, to see the effect of a grating parameter upon the output efficiency, one can 
vary the value of the parameter, such as the grating height or grating profile (do or di 
or d2), as shown in Fig. 3.11.
ea
Fig. 3.11 Geometry of an arbitrary grating profile used in the perturbation program 
presented in Appendix B [56].
Using the perturbation program (Appendix B) described above, by keying in the 
following data [56]:
do = d, = —, d2 = 0 (3.38)
2
the output efficiency of a symmetrical rectangular grating coupler can be predicted.
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Similarly, for an ideal right-angled blaze profile, the required parameters for the 
grating profile will be [56]:
d0 = 0, dj = d2 = d (3.39)
However, in reality, the fabricated blazed gratings will turn out to be more o f a 
trapezoidal profile than an ideal right angled blaze. The trapezoidal grating consists of 
either a flat-top profile or a second slanting slope or if not, the combination of them. 
The output efficiency for a flat-top blaze can be found by equating:
d
d| = d, -2- = 0 to 1 (3.40)
d
where the value o f 0 represents an ideal right-angled blaze and a 1 resembles an 
severely over-etched flat-top profile where the gratings are totally flattened. Any 
value in between the range will represent a flat-top trapezoidal profile. Similarly, the 
second slanting slope of the non-ideal blaze can be represented by putting:
d
d, =d, -2- = 0 t o  1 ; (3.41)
d
where a value of 0 shows an ideal right-angled blaze tilted to the left whereas a 1 
symbolises an ideal right-angled blaze inclined to the right. As before, any value in the 
range will denote a slanting slope deviated from the vertical right-angled side wall. 
The results o f the output efficiency of our SOI rectangular and blazed grating couplers 
will be presented in Chapter 4 (Design) and Chapter 6 (Experimental Results and 
Discussion).
3.5 Grating fabrication methods
Gratings on waveguides can be classified into two types: relief type and refractive- 
index modulation type as illustrated in Fig. 3.12 (a) and (b), respectively [34].. The 
former type of grating is suitable for both guided-mode to guided-mode couplers and 
guided-mode to radiation-mode couplers (e.g. output coupler). The latter grating type
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is more for guided-mode to guided-mode couplers only, as high grating coupling 
efficiency cannot be achieved in this grating due to weak radiation mode coupling [34]. 
Hence, to obtain a grating coupler which has an high output efficiency, the relief 
grating is the one that should be used.
Waveguide
(a) Relief type (b) Index modulation type
Fig. 3.12 Two main types of gratings [34].
A relief grating is fabricated either by directly etching away the film of the waveguide 
(Etching type) or by forming a grating pattern on a dielectric material that is deposited 
on the waveguide (Cladding type) [10], as shown in Fig. 3.13.
Cladding (other dielectric material)
r f nn n
Film
Etched film material
JT JTJTJl_ n Y l_ rL iT
Film
(a) Cladding type (b) Etching type
Fig. 3.13 There are two types of fabrication for relief gratings: (a) Cladding type 
where a dielectric grating is deposited on the film, (b) Etching type where the grating is 
etched directly from the film.
It can be seen from equation 3.16 (page 59) that the etched type of relief grating 
usually gives a greater leakage factor, a, and hence a shorter coupling, L, than the
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cladding type. This is because the average refractive index in the grating region, ng o f 
the former grating type which uses the same material as the waveguiding film often 
gives a value closer to the effective refractive index of the waveguide, N, as compared 
to the average refractive index of the cladding type grating which uses another 
dielectric material. It can be also concluded that gratings which are etched into the 
guiding film will result in a stronger perturbation than the deposited'gratings. Hence, 
etching grating into the waveguiding film can provide a smaller grating length which is 
attractive for compact optical integrated circuits.
There is however one trade-off for fabricating etched type gratings: the resultant film 
thickness can be difficult to control during the etching process due to the fabrication 
tolerances and hence this may give rise to problems in designing the output grating 
coupler at optimum efficiency. Nevertheless, it is still worthwhile to opt for this type of 
grating because an optimum shorter grating length ensures all of the light in the 
waveguiding film is coupled out of the grating at the output coupler. Hence our 
gratings are etched directly from the Si film.
3.6 Losses in SOI waveguides
An optical signal will be attenuated as it propagates through a material. If the signal 
become very weak, it may not be able to be distinguished from the noise which is 
always present in the system. In an optical waveguide, the attenuation can be due to
(a) intrinsic material absorption, (b) radiation losses, (c) scattering losses (d) leakage 
losses, and (e) Fresnel losses. Total optical attenuation o f a waveguide due to these 
losses can be characterised by the expression [35]:
P = P e"az (3.42)
out in
where Pout and Pin are the output and input powers of the optical wave, respectively, 
and a  is the loss factor, or attenuation coefficient, with units of inverse length (cm-1), a  
is strongly dependent on the wavelength o f the light and the semiconductor material 
involved. Loss is often expressed in the units o f dB/cm, and it is known that the dB is 
defined as the ratio between the output and input powers, i.e.
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dB = 10 log (Pout/Pin) (3.43)
Hence, by rearranging equations 3.42- 3.43, a  can be converted into dB/cm:
a dB = 4.343 a  (3.44)
where a dB , has the units of dB/cm and a  has the units o f cm'1.
In the following section, the possible factors that contribute to the losses o f an SOI 
waveguide will be discussed.
3.6.1 Intrinsic absorption losses
(i) Interband absorption in silicon
For interband absorption, sometimes referred as band-edge absorption, photons with 
energies greater than the bandgap energy are absorbed in the semiconductor material 
by giving up their energies to promote electrons from the valence to the conduction 
band [35, 46]. This effect is generally very strong in direct bandgap semiconductors, 
such as GaAs. Hence interband absorption provides a fundamental lower wavelength 
limit for any semiconductor, as wavelengths shorter than the absorption edge will be 
strongly absorbed (E (ev) = 1.24 / A (pm)). For Si, wavelengths at room temperature 
shorter than 1.1 pm are absorbed. Hence for the SOI waveguides used in this work, 
the losses due to the interband absorption are insignificant, at the wavelength of 1.3 
pm where Si is highly transmissive.
(ii) Free-carrier absorption in silicon
Free carrier absorption (Intraband absorption) is the absorption o f photons by 
electrons which remain in the same band. This is a significant loss component in many 
semiconductor waveguides, and is the main contributor to the absorption losses in Si, 
since interband transitions of electrons .by photons. are insignificant at the infrared 
wavelength of 1.3 pm. From Fig. 2.16 [4] on. page 34,, it can be seen that the 
absorption loss of Si at A = 1.3 pm, a, is 4 x 10"3 cm'1 which is equivalent to 0.017
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dB/cm using equation 3.44. This shows that Si is highly transparent at this wavelength 
and hence Si is a good waveguiding material at infrared wavelengths.
3.6.2 Radiation losses in waveguides
Radiation loss of a planar waveguide occurs when the wave is no longer well guided 
and light is lost through the surrounding o f the guided medium, such as the upper 
cladding or the substrate. Radiation losses are mainly caused by: (a) poor confinement 
of the waveguide, i.e. An = (ncore -  lading) = small [35-36], (b) waveguide film is very 
thin which is typically at the order of 0.1 pm or less [36], (c) propagation of higher 
order modes which are close to cutoff that lead to substrate radiation [35], (d) leakage 
o f the guided beam towards the substrate due to thin buried cladding layer, e.g. SOI 
waveguides [20-21, 84], and (e) scattering loss [35].
Silicon waveguides can also be formed by varying the carrier concentration. For a 
doping range of 1015 to 1019 (cm'3), the change of refractive index in Si is — 10'2 [35]. 
Hence a more lightly doped surface layer which has a higher refractive index, can act 
as a waveguide core. This type of waveguide has a poorer optical confinement due to 
the small resultant changes of refractive index, as compared to the Si waveguide that is 
formed by the implantation o f oxygen to create a buried oxide layer, where the 
refractive index difference, An ~ 2.0. [81-86]. The latter type o f SOI waveguide is 
called SIMOX (Separation by IMplantation of OXygen).
For a waveguide that has a very thin film, the tails of the guided wave will penetrate 
through the claddings. In other words, the decay o f the optical evanescent wave, into 
the upper cladding and substrate o f a planar waveguide will be prominent [35-36]. 
Details of the relation between the waveguide thickness and the optical confinement 
can also be found in references [20-21]. These lossy thin film waveguides however are 
not always unattractive, especially when they can be used for coupling purposes, called 
evanescent coupling [11, 35], and when their evanescent field can be used for 
interaction with materials deposited on the surface as a cladding, which can be used as 
sensitive sensors [120]. ‘
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As shown in Fig. 3.14, substrate radiation occurs when the higher order modes of 
optical wave are propagating which are close to cutoff condition where the light is no 
longer totally internally reflected inside the guiding medium [11, 35]. As the order of 
the modes, m increases, the angle o f the guided light, 02, reduces for the higher order
modes and hence the condition of 02 > 0C = sin 1 —  , where 0C is the critical angle at
the interface of n2 and n3, is not met and the total internal reflection is not achieved 
[11,35-36].
Fig. 3.14 Substrate mode where the total internal reflection condition is not met in 
the waveguide [35].
In SOI waveguides, the buried oxide is a cladding layer which has a lower refractive 
index than the Si film to allow light to propagate in the Si region. This lower Si02 
cladding must be thick enough to prevent the leakage o f optical mode into the lower 
Si substrate. It was found that the Si02 layer must typically be > 0.4 pm thick in order 
to prevent significant loss o f light into the substrate [20-21, 84]. Hence, the radiation 
loss of SOI waveguide is negligible when the quality o f the waveguide is good and well 
designed.
Scattering losses of a waveguide can be caused by the imperfections of the waveguide 
structures, and there are two types o f scattering loss: volume scattering and surface 
scattering. The former are mainly due to the voids and crystalline defects within-the 
guiding media of the waveguide, while the latter are caused by. the unevenness, or.. 
roughness on the waveguide surface. These problems are not usually encountered in
the waveguides of reasonably good quality. In this work, Unibond wafers are used for 
our SOI waveguides, of which the Si film surface and the interface between the Si core 
and the Si02 buried layer are of excellent quality, using the Smart-cut process [23]. 
Hence the scattering loss in our SOI waveguides will be insignificant.
3.6.3 Fresnel reflection
In this section, the reflection o f the transmitted beams at the waveguide substrate / air 
interface is discussed so that the coupling efficiency measurement o f our grating 
couplers can be determined more accurately.
To determine the coupling efficiency o f the SOI grating couplers, the Fresnel reflection 
loss o f the transmitted beams at the Si substrate / air interface has to be considered, as 
illustrated in Fig. 3.15.
JiJiJTJTJTJiJTJi - m m jx ru ijm -
Input coupler Si film Output coupler
Transmitted Transmitted
beam beam
Fig. 3.15 Fresnel reflection o f the transmitted beams from Si substrate to air in SOI 
grating couplers,. ,7  .
77
The reflection coefficient (R), which is also known as Fresnel reflection, o f the 
transmitted beam at normal incidence, is given as [1 2 1 ]:
R =
f  A 2 ' n - 1 '
n + 1
(3.45)
where n is the refractive index of the denser medium, in this case Si. Hence, for a near 
normally incident beam, the Fresnel reflection loss is approximately 0.31 of the 
transmitted beam intensity with n (Si) = 3.5, using equation 3.45. Using the figure of 
0.31 provides the minimum correction to the transmitted beams, and hence allows us 
to calculate the minimum output efficiency. In reality, transmitted beams will be 
incident at non-normal angles and hence should have a larger correction. 
Consequently, the resultant efficiency figure will actually be higher than quoted. This 
loss is taken into account for the measurement o f the transmitted beam power in the 
coupling efficiency calculation presented in section 6.3 (Page 124).
3.7 Summary
The grating parameters of the rectangular, sawtooth and parallelogramic blazed grating 
couplers such as grating height, grating pitch, coupling length and input beam width, 
have been discussed. It is known that asymmetrical blazed gratings produce almost 
twice the efficiency compared to symmetrical rectangular gratings which usually yield 
an output efficiency of up to 50 % as the output beam is divided equally between the 
upper and lower regions. The output efficiencies o f our rectangular and sawtooth 
blazed gratings in SOI will be predicted using perturbation theory. Theoretical 
prediction o f output efficiency with variation o f grating height o f rectangular, ideal 
right-angled blazed and non ideal trapezoidal blazed gratings can be performed by 
inputting parameters to describe the grating profiles in the perturbation program 
(Presented in Appendix B). In addition, the possible factors that contribute to the 
losses of an SOI waveguide such as intrinsic absorption, radiation and Fresnel 
reflection losses have also been discussed.
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Chapter 4
Design
• t 
j
This chapter mainly describes the procedures of designing our rectangular and 
sawtooth blazed grating couplers in silicon-on-insulator (SOI) to give maximum 
output efficiency. First of all, the layer thickness’ of the SOI wafers will be designed to 
improve the output efficiencies o f the grating couplers. Subsequently, the optimum 
grating period, output beam angle, coupling length and input beam width will be 
determined using the basic grating theory described in chapter 3. Finally, the output 
efficiencies variation with the grating height will also be predicted using the 
perturbation theory laid out in Appendix B.
4.1 Introduction
4.2 Silicon-on-insulator structure
The basic structure of a rectangular grating coupler is shown in Fig. 4.1. The grating 
consists of grating height, tg, grating period, d, and the output beam angle, (j).j. To 
achieve maximum efficiency, the grating couplers are designed at the - 1  diffraction 
order using the equations 3.13-3.14 (Page 55) in chapter 3:
d = ------    (4.1)
N -  sin (j) }
d = - 2X (4.2)
n + N
S
where N is the effective refractive index o f the guiding layer with the grating, A, is the 
input laser wavelength in the air, ns is the refractive index of Si02 and the remainder of 
the parameters are defined above. ■ -
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Fig. 4.1 SOI waveguide rectangular grating coupler.
4.3 Output efficiency of grating couplers
From Fig. 4.1, the output efficiency of a grating coupler can either be:
(4.3 a)
(4.3 b)
(4.4 a)
(4.4 b)
where rja is the output efficiency towards the superstrate (air), r|s is the output 
efficiency towards the substrate, Pa is the output power diffracted towards the 
superstrate, Pg is the incident surface wave power propagating in the guiding layer and 
Ps is the transmitted beam power towards the substrate.
tia =
Pa + Ps
or
Pa +Ps
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Both (a) and (b) in equations 4.3 and 4.4 are applicable in calculating the output 
efficiency o f a waveguide grating coupler. However, equations 4.3 (b) and 4.4 (b) will 
give an higher value than equations 4.3 (a) and 4.4 (a) as the former assumes a perfect 
grating which has no light scattering in directions, other than towards the upper and 
the lower regions. In addition, it also assumes that all the light is being coupled out of 
the output grating coupler, which may not be the case if the fabricated grating coupling 
length is not sufficiently long. Thus, strictly speaking, equations 4.3 (b) and 4.4 (b) 
should be defined as directionality which only considers the ratio o f output beam 
power between the superstrate and substrate. Nevertheless, many authors have used 
equations 4.3 (b) and 4.4 (b) to calculate output efficiency, e.g. [25, 60-62]. Clearly 
this gives favourable results and may be misleading.
Hence we have used equations 4.3 (a) and 4.4 (a) to calculate the output efficiency for 
our grating couplers and equations 4.3 (b) and 4.4 (b) to calculate directionality. To 
use equations 4.3 (a) and 4.4 (a), it is necessary to evaluate Pg which is more difficult, 
but can be done if the loss of the waveguide is known.
4.4 Designed layer thickness* of SOI waveguides
Fig. 4.2 shows the geometry of a planar SOI waveguide where a surface wave can be 
propagating within the Si film. Emmons et al. [20-21] showed that the coupling 
efficiency of a grating coupler in SOI can be improved by optimising the values of the 
Si film layer thickness, tf and the buried Si02 layer thickness, tb o f the waveguide.
Air
)' Si nf
t b :) _______ SiP2 nb
Si substrate
Fig. 4.2 Planar structure of a SOI waveguide in which the surface wave propagates 
within the waveguiding region of Si thin-film where nf > nb > na.
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To have a maximum output coupling efficiency of light from the film layer into the air 
region, the film thickness, tf, and buried oxide thickness, tb, are designed at a multiple 
of one half of the optical wavelength and at an odd multiple o f one quarter of the 
optical wavelength, respectively [20]. That is
tf = p -^ -  , for p=  1,2, 3, 4 .....  (4.5)
nr2
tb = q -^ - , for q=  1,3, 5, 7 .....  (4.6)
nh4
where nf and nb are the refractive indices of the film layer and the buried layer of a SOI 
waveguide, respectively. Thus, from equations 4.5 and 4.6, we can evaluate the 
optimum layer thickness’ of the Si film and buried Si02 of the SOI waveguide used for 
our grating couplers, as shown in Table 4.1 at the wavelength o f 1.3 pm, where m is 
an integer.
Table 4.1 Display of the calculated values for the optimum thickness’ of Si and Si02 
in a SOI waveguide at the wavelength of A = 1.3 pm.
----- m
Film thickness
1 2 3 4 5 6 7
S i: tf = m— ——  (pm) 
3.505-2
0.1854 0.3709 0.5563 0.7418 0.9272 1.1127 1.2981
1-3 , .Si02 : tb = m----------- (pm)I.447.4
0.2246 ' LS\ ** 0.6738 1.1230 1.5722
Alternatively, using the concept of “Fabry Perot” interferometer [35-36, 121], the 
variation of output beam intensity towards the surface with the buried Si02 layer 
thickness in SOI waveguide at 1.3 pm can also be plotted, as shown in Fig. 4.3.
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It can be seen that the maximum intensity shown in the Fig. 4.3 agrees well with the 
data presented in Table 4.1.
Silicon dccdcfe buried layer thickness in SQ  wavegiicte (nicncns)
Fig. 4.3 Variation of output beam intensity towards the surface o f the SOI waveguide 
with silicon dioxide thickness at 1.3 pm.
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To compromise between the cost and the specification of the thickness’ (Table 4.1, 
Fig. 4.3), the SOI wafers were chosen to have the Si film thickness o f 1.14 pm and the 
Si02 thickness o f 0.67 pm which are within the 10 % tolerance of the maximum 
intensities shown in Fig 4.3. Hence, SOI can be an excellent material for fabricating an 
highly efficient grating coupler if the thickness’ o f the Si guiding layer and the buried 
Si02 layer are optimised.
During fabrication, thermal Si02 will be used as the mask for fabricating the gratings in 
SOI. Approximately 40 % of Si is expected to be consumed in the oxide which has a 
designed thickness of 360 nm. Hence, this will result in a Si film thickness of 
approximately 1 pm after the fabrication. Hence, the predicted output efficiencies of 
rectangular and blazed gratings in SOI will be based on this Si thickness.
4.5 Designed grating period
Using the effective index program in Appendix A, a Si film thickness of 1.14 pm yields 
the effective index, N = 3.4672 at X = 1.3 pm in TE mode. Hence we select the grating 
period, d = 400 nm as it satisfies the conditions laid out in equations 4.1 and 4.2, and 
the corresponding output beam angle will be less than 13° which allows us to align the 
input laser source and the grating coupler without too much difficulty.
4.6 Designed grating length and input beam width
Based on equation 3.16 (a) (page 59), the average leakage factor, a, can be calculated 
and reciprocated to find the optimum grating length, L, for our grating couplers. The 
coupling length was found to be approximately 200 pm which corresponds to an input 
full beam width o f about 300 pm (equation 3.27, page 63). These results can also be 
obtained in our perturbation program in Appendix B. Hence, we will fabricate our 
rectangular and blazed grating couplers with a grating length o f 1 mm to ensure all 
light is coupled out of the waveguide and our input beam will be focused to a diameter 
of 300 pm.
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4.7 Predicted output efficiency of SOI rectangular grating couplers
To predict the output efficiency of a SOI rectangular grating coupler towards the 
surface, we used the perturbation algorithm [56] presented in Appendix B to plot the 
output efficiency with various grating heights at a Si film thickness o f 1 pm as shown 
in Fig. 4.4. The grating has the period of 400 nm and the wavelength used is 1.3 pm. 
The effective refractive index o f the waveguide, N, at the Si film thickness o f 1 pm is 
3.4572, using the effective index method (EIM) program in Appendix A. To describe 
the rectangular grating profile, the parameters o f d0 = dj = 0.5d; d2 = 0 (See equation 
3.38, page 70) were input into the perturbation program.
Output efficiency
towards superstrate
Grating height, tg (pm)
Fig. 4.4 Predicted surface output efficiencies of SOI rectangular grating couplers at 
the wavelength of 1.3 pm in TE mode. The gratings have a period o f 400 nm and the 
Si film has a thickness of 1 pm.
As shown in Fig. 4.4, the theoretical maximum output efficiency towards the 
superstrate is 75 % at the grating height of 0.16 pm. This high output efficiency 
agrees very well with the results presented by Chang [56], as the SOI structure
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possesses large refractive index differences between the layers. In summary, although 
the rectangular gratings have a symmetrical profile, when fabricated in SOI, an output 
efficiency of significantly greater than 50% can be achieved.
4.8 Predicted output efficiency of SOI blazed grating couplers
The designs of Si blazed gratings were based on perturbation by constructive Bragg- 
reflection inside the grating in which most o f the surface wave in the output coupler 
can be radiated into either the upper air region or the lower substrate region [14-15]. 
The output efficiency o f an ideal right-angled Si blazed profile in SOI with a film 
thickness of 1 pm can be predicted using the perturbation theory. However in reality, 
the blazed grating is more likely to be o f variable triangular shape which has its vertical 
side slanted by a few degrees or o f a trapezoidal shape which has its top portion 
removed, as shown in the literature review of the blazed profiles, Fig. 2.2- 2.9 (Page 
14 - 22) in chapter 2. This is because a precise right-angle triangular profile is difficult 
to fabricate due to fabrication tolerances. Therefore it is necessary for us to predict the 
output coupling efficiency for this non-ideal trapezoidal blazed profile.
Fig. 4.5 shows the theoretical output efficiency towards superstrate o f a trapezoidal Si 
blazed grating. It has a constant grating height of 0.2 pm and a grating period of 0.4 
pm. The trapezoidal grating has a non-ideal flat-top portion, d0, fixed at O.ld which 
has the value of 40 nm. We then varied the slanting width of the grating, d2, which in 
turn determines the output efficiency the grating coupler.
The output efficiency decreases from a maximum of 99 % when d2/d = 0.9 (A right- 
angle blazed with a flat-top portion) to a minimum of 7 % when d2/d = 0 (Becomes a 
laterally mirrored blaze profile). Hence, by keeping the flat-top width to a minimum, 
we can still achieve a maximum output efficiency towards the surface close to 100 % 
which is that of an ideal right-angled blazed grating. When d2/d = 0.5, output efficiency 
drops to almost that of a symmetrical profile (50 %).
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Output efficiency
d2/d
Fig. 4.5 Output efficiency towards superstrate of a trapezoidal SOI blazed grating at a 
period of 0.4 pm with a grating height o f 0.2 pm at 1.3 pm in TE mode.
The reason that the output efficiency falls below that of a symmetrical rectangular 
grating in SOI which has a value o f the order of 70 %, is probably due to the fact that 
the grating height in this case is not at its optimum value. Hence, we can deduce that 
the non-ideal slanting wall of the blazed gratings (d2/d v 1 ) has a greater effect upon 
determining the output efficiency of the grating coupler towards the surface than the 
small flat-top width. This conclusion agrees well with the results shown by other 
workers [14-15, 56] where the second slanting side of the blazed grating diverts some 
of the guided wave into the lower region and hence increases the output efficiency of 
the grating coupler towards the substrate.
Hence, we have decided to design our SOI blazed grating coupler with the maximum 
output efficiency towards the substrate since the fabricated slanting wall o f the blazed
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grating will help to increase the output efficiency towards the lower substrate as shown 
in Fig. 4.5.
Fig. 4.6 shows an output efficiency towards the substrate o f a non-ideal SOI blaze 
profile which has a second slanting slope o f 20 % of the grating period. It can be seen 
that the output efficiency reaches its maximum of the order o f 90 % at the grating 
height below 80 nm.
Output efficiency 
towards substrate
Grating height, tg (pm)
Fig. 4.6 Theoretical perturbation output efficiency towards substrate of a SOI blazed 
grating couplers with a second slant slope o f 20 % o f the grating period.
4.9 Summary
The optimum thickness’ of SOI waveguides designed for our grating couplers were 
determined to be 1.14 pm and 0.67 pm for the Si film and buried Si02 buried layer
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respectively, in order to maximise the output efficiency. The rectangular and blazed 
gratings were designed to have a period of 400 nm for the diffraction order of -1 at the 
wavelength of 1.3 pm in TE mode. The corresponding input/output beam angles will 
be less than 13° which are convenient for surface-normal coupling. Both types of 
gratings were designed with the grating length o f 1 mm to ensure all of the light will be 
coupled out of the waveguides. The resulting input beam width will be approximately 
300 pm based on the leakage factor calculation. In addition, the Si film thickness will 
be approximately 1 pm after the device fabrication.
Using the perturbation program in Appendix B, we have shown that it is possible to 
predict the output efficiencies of rectangular and blazed grating couplers with various 
grating heights. The output efficiencies o f both grating profiles were calculated at a Si 
film thickness of 1 pm. The rectangular gratings are predicted to have an output 
efficiency of the order of 70 % towards the superstrate if fabricated in SOI, with an 
optimum grating height of 0.16 pm. Hence, symmetrical gratings which usually yield a 
maximum output efficiency of 50 % can have a much higher efficiency when fabricated 
in SOI.
In reality, right-angled blazed gratings which give maximum output efficiency towards 
the superstrate are virtually impossible to realise due to the fabrication tolerances. The 
blazed grating is more likely to be of a variable triangular shape which has its vertical 
side slanted by a few degrees. As shown by the perturbation theory, this non-ideal 
second slanting slope increases the output efficiency towards the substrate. Hence, we 
have decided to design our sawtooth blazed grating coupler with its output efficiency 
maximised towards the substrate. The output efficiency towards the substrate of a 
blazed grating coupler which has a second slanting slope of 20 % of the grating period 
was predicted to be of the order of 90 % with a grating height of less than 80 nm.
In summary, we have concluded that it is convenient to fabricate our rectangular and 
blazed gratings with then maximum output efficiencies towards the superstrate and 
substrate, respectively. In addition, our predicted output efficiencies o f the SOI grating 
couplers compare well with the previous authors [14-15, 56]. To our knowledge, the
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theoretical output efficiencies o f our rectangular and blazed gratings are the highest 
values yet reported on SOI grating couplers.
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Chapter 5 
Experimental details
5.1 Introduction
The experimental details o f the fabrication processes o f our SOI rectangular and 
sawtooth blazed gratings and the experimental set-up used to measure their output 
efficiencies will be described in this chapter. First, the fabrication process of the 
Unibond SOI was presented. Secondly, the lithography patterning o f the grating masks 
using electron beam lithography and holographic interference methods was 
investigated and discussed. In this work, the Si rectangular gratings were fabricated 
using direct electron beam writing followed by anisotropic reactive ion etching (RIE). 
Four different etch depths for the rectangular gratings were fabricated to investigate 
the effect of grating heights upon the output efficiencies of the grating couplers. For 
sawtooth blazed gratings, the direct electron beam writing with varying electron doses 
was initially tried to create the blaze profile. However, this technique was unsuccessful 
for producing asymmetrical blazed gratings at submicron pitch. Therefore, the 
technique of ion beam etching at an angle on the wafer was used, where a good 
asymmetrical sawtooth shape was obtained. Furthermore, the experimental techniques 
for obtaining the output efficiencies o f the grating couplers will also be discussed.
5.2 Unibond SOI
In 1995, Bruel proposed a novel Smart-Cut process which was used in the fabrication 
o f Unibond Silicon-On-Insulator (SOI) that has a surface Si layer o f comparable 
quality to that of crystalline Si [122]. In addition, large quantities o f this material can 
be mass produced at low cost using this technology [23]. Since then, Unibond SOI has 
received much attention for it opens up the potential o f low voltage/power ULSI 
(Ultra Large Scale Integrated) applications, using CMOS technology [94]. More 
importantly, the flexibility of Unibond SOI allows us to select the optimum Si guiding 
layer and the buried Si02 thickness’ . Hence, these wafers were used as the SOI 
material for fabricating our grating couplers.
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The Unibond SOI wafers were obtained from SOITEC Grenoble, fabricated by the 
smart-cut process [23], with a Si film thickness of 1.14 pm and a buried Si02 layer 
thickness of 0.67 pm to function as an highly reflective buried layer for the fabrication 
of our grating couplers. The smart-cut process in the Unibond SOI wafers shown in 
Fig. 5.1 combines the fabrication of ion implantation and BESOI (wafer bonding) 
methods [23]. This new bonding technology achieves large-volume availability o f SOI 
wafers having Si quality comparable to pure silicon wafers and the buried oxide quality 
equivalent to thermal oxide [23]. The smart-cut process (Fig. 5.1) can be summarised 
as 4 main steps [23]: (1) Oxidation, (2) Hydrogen implantation, (3) Cleaning and 
Bonding (4) Annealing and Polishing.
Firstly, a commercially available <100> Si wafer (Wafer A) is thermally oxidised to 
grow the future buried oxide layer o f the SOI structure. In this step, the buried oxide 
layer (Si02) is carefully defined for thickness and uniformity. Secondly, wafer A is 
implanted with hydrogen ions to define the depth in which the Si wafer will be split in 
the step 3 (b) of the smart-cut process. One o f the advantages o f using implantation is 
the accurate control o f the process parameters (energy, uniformity, dose, etc.) where 
good uniformity of «  5 nm can be achieved for both Si and Si02 layers. Thirdly, 
wafers A and B are cleaned to ensure an OH-terminated clean oxide surface on both 
wafers so that no particle > 0.3 pm is trapped at the bonding interface. Subsequently, 
the SOI wafer is formed by bonding the implanted oxidised wafer A to the handle 
wafer B which has native oxide on the surface, using hydrophilic conditions (bonding 
via hydrogen bonds of OH-groups through the interactions between the water and 
surfaces of the two wafers). Finally, in the fourth step, wafer A is split to form the SOI 
structure and the bonded wafer is annealed at 1100 °C to stabilise the bonding 
interface. The surface is then polished to a roughness o f < 0.15 nm and wafer A can be 
recycled to be used as a new handle wafer.
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Si wafer AUnibond SOI wafer
Fig. 5.1 Schematic diagram of the Smart-Cut process in the Unibond SOI wafer [23].
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5.3 Photolithography for gratings
Electron-beam writing (e-beam writing) [123-124] and holographic interference 
lithography (two-beam interference method) [125] are commonly used as the tools to 
create the grating patterning with small periods comparable to the optical wavelengths 
[34]. If resist is used as a grating material, the patterning of the gratings after the resist 
development is the final stage to produce a relief grating. More often, the resist pattern 
(grating pattern) is transferred to the waveguide or deposited cladding by etching 
techniques such as reactive ion etching (RIE) and wet chemical etching. Grating 
patterning by e-beam writing and holographic lithography will be briefly discussed in 
the following sections.
5.3.1 Electron-beam writing
Computer-controlled e-beam writing developed for the semiconductor industry can be 
used for integrated optics fabrication [34, 123]. Many grating components for 
integrated optics require very small periods (< 1 pm) and they have very small areas on 
the devices. An e-beam machine can be very effective in patterning for fabrication of 
gratings. One obvious advantage of using e-beams for the patterning of devices is that 
in the direct write process, no mask is required. The pattern is directly produced on the 
resist which is exposed to a certain amount of dose o f the e-beam. The pattern is 
written either by deflecting the e-beam or shifting the stage, depending on the optical 
integrated chip (OIC) pattern data [34]. A negative type (dark field) o f photoresist 
remains when an area has been exposed (after development) and an exposed area o f a 
positive type (light field) of resist is removed after development. There are various 
types of e-beam resist available in the market. One o f the typical commercially 
available positive type resists is polymethedol methacrylate (PMMA) and a negative 
type is polyglycigital methacrylate (PGMA). Factors that determine the resolution of 
the resist pattern are the e-beam pattern blurring during exposure and the gamma- 
curve (contrast) [34]. The blurring is due to the mechanisms of lateral scattering, back 
scattering and forward scattering of the electron beam in the resist during the exposure 
as illustrated in Fig. 5.2 [75]. The spread of resist film by these factors exists even if 
the electron beam diameter has been reduced. It is theoretically and experimentally 
found that the spreading is of the order of the film thickness [75]. In this work, we
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used another type o f e-beam resist called UV2N because it produces a higher 
resolution grating mask than the PMMA and PGMA.
Electron beam
High-energy
backscattered
electrons
Substrate
Beam width Inelastic interaction range, 
secondary electron range, 
development dynamics 
(minimum line width).
Forward scattering 
width
Fig. 5.2 Factors that contribute to the ultimate resolution using electron beam writing 
[75].
5.3.2 Holographic interference lithography
Another method of obtaining fine periodic patterns in photoresist is to utilise the 
interference fringes resulting from interference of two coherent waves [34, 125]. Two- 
plane waves of wavelength, X, from a laser source, are incident onto a photoresist layer 
with incidence angles, 0i and 02, as shown in Fig. 5.3 [34]. The grating period, d, 
measured along the plane of resist after the resultant interference is given by:
d =     (5.1)
sin0 + sin0I 2
Hence the exposure pattern o f the desired period, d, is obtained by selecting an 
appropriate wavelength and incidence angles.
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Laser beams
(a) Two-beam interference recording.
r*\ n\
(b) Resist gratings after development.
Fig. 5.3 Grating patterning by holographic interference lithography [34].
The following section lists out the advantages and disadvantages o f using the electron
beam writing and holographic interference lithography for integrated optics
applications [34]. These two methods will be compared and one o f them will be used
for fabricating the grating pattern on our grating couplers.
Advantages of e-beam writing:
• No mask required - beam is directly scanned onto the resist to produce pattern (e.g. 
grating structures).
© Extremely high resolution is achievable, down to 10 nm.
© Great flexibility in fabricating modulated gratings.
® Variable parameters can easily be changed by the computer inputs (e.g. grating 
period).
© Possibility of fabricating a low noise grating with precise position and orientation on 
a well defined frame.
© Flexibility in writing variable-shaped structures for fabrication o f devices.
© High quality mask can be fabricated for replication of samples via conventional 
lithography.
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Disadvantages of e-beam writing:
• Scanning range is limited to 2-5 mm by deflection distortion, therefore is a slow 
process.
• Writing on large area is difficult.
• A complicated writing system is required.
Advantages of holographic interference:
• Fabrication of grating is possible with relatively simple apparatus.
• Large grating area is easier to fabricate.
• Good period uniformity and period controllability.
• Fabrication of small period gratings is feasible with prism. E.g. He-Cd laser source 
of X -  325 nm and prism refractive index, n = 1.5, A «  0.1 pm is attainable.
© Short processing time.
Disadvantages of holographic interference:
® Rearrangement of optical set-up is required for changes of grating parameters.
• Noise problems likely to be formed from spurious diffraction and interference, 
hence good quality deep gratings can be difficult to attain.
• Additional mask is required to define grating area.
• High spatial and temporal coherence laser source is needed.
• Very good stability of equipment is needed to stop distortion by mechanical 
vibration during UV exposure.
After reviewing the characteristics o f each technique for fabricating the rectangular and 
sawtooth blazed gratings, e-beam writing has been chosen as the lithography process 
for the fabrication of gratings in this work. This is because electron beam lithography 
has a higher resolution and greater flexibility in changing the grating parameters and 
profiles than holographic interference method. In addition, high quality deep gratings 
are achievable with the former method. The fabrication of our SOI gratings using e- 
beam writing was carried out at Southampton University.
® Compatible with other IO component fabrication.
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5.4 Fabrication of SOI rectangular gratings
We report the fabrication o f rectangular gratings in Unibond SOI waveguides with 
different grating depths so as to investigate the effect upon the output efficiency. The 
fabrication process of the rectangular gratings was started with the Unibond SOI wafer 
fust RCA cleaned which comprises a 10 minute Ammonia (NH3) + Hydrogen peroxide 
(H20 2) rinse and then a 10 minute rinse o f HCL (Hydrochloric acid) + H20 2. The 
wafer was then wet oxidised at the temperature o f 1000°C for 81 minutes to form 360 
± 5 nm thick of Si02 on the surface which would be used later as the grating mask for 
dry etching the rectangular Si grating. We then deposited a layer o f UV2N photoresist 
(360 nm) onto the oxide. During the electron-beam lithography process, the grating 
pattern which has the period of 400 nm was written onto the wafer with an electron 
beam voltage of 20 keV and an electron beam current o f 0.125 nA. The deposited 
UV2N resist is a negative type where the exposed area remains after the development. 
The electron dose tested for the grating pattern ranged from 1.7 pC/cm2 to 4.2 pC/cm2 
and the condition of the developed photoresist corresponding to each electron dose 
was checked with the Scanning Electron Microscope (SEM) as shown in Table 5.1.
Table 5.1 Results of the developed UV2N resist for electron doses
ranging from 1.7 to 4.2 pC/cm2 after electron beam lithography.
Dose Electron concentration 
(pC/cm2)
Results of developed 
UV2N resist
1 4.2 Under-exposed
2 3.5 Under-exposed
3 3.1 Under-exposed
4 2.8 Under-exposed
5 2.5 Well-developed
6 2.3 Well-developed
7 2.1 Well-developed
8 1.9 Over-exposed
9 1.8 Over-exposed
10 1.7 Over-exposed
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Fig. 5.4 (a-c) illustrate the corresponding SEM photographs o f an under-exposed 
(dose 1), a well-developed (dose 5) and an over-exposed developed photoresist (dose 
10), respectively.
(a)
(b)
(c)
Fig. 5.4 SEM pictures of (a) an under-exposed developed photoresist, (b) a well- 
developed photoresist, (c) an over-exposed developed photoresist.
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Hence, the well-developed resist which has the electron doses of 2.1, 2.3 and 2.5 
pC/cm2 (See Table 5.1) were selected to etch the Si02 mask. The condition of the RIE 
(Reactive Ion Etching) for the Si02 mask is shown in Table 5.2.
Table 5.2 Reactive Ion Etching (RIE) condition for the Si02 rectangular grating mask.
Gas content for etching Si02 mask 50 % Ar (25 seem) + 50 % CHF3 (25 seem)
Pressure 40 mT
RF power 200 W
Etch time 14 min for 360 nm thick of Si02
The best 1:1 mark-to-space ratio (50 % duty cycle) on the Si02 mask we obtained 
after reactive ion etching (RIE) for 14 minutes was with the dose of 2.3 pC/cm2 as 
shown in Fig. 5.5.
u  H  m i  i i
*• 4 k
Fig. 5.5 SEM photograph of S i0 2 mask with the period of 400 nm.
100
Before etching the Si gratings, the samples were dry etched for a 1 minute (initial etch) 
to ensure no Si02 residual was present in the trough of the oxide mask which could 
impede the Si etch process. The pre-set condition for etching the Si02 on the trough is 
shown in Table 5.3.
Table 5.3 Pre-set condition for etching Si02 mask tough.
Gas content for Si02 initial etch (CF4 + 0 2) (10  seem) + Ar (10 seem)
Pressure 50 mT
RF power 200 W
DC bias 380 V
Etch time 1 min
Subsequently, the etching of Si was carried out at different etch times to produce 
various rectangular grating heights where the Si etches 10 times faster than the Si02. 
Table 5.4 illustrates the RIE content for the Si.
Table 5.4 The etching condition for the Si in RIE.
Gas content for Si etch SiCU (5 seem) + HBr (10 seem)
Pressure 25 mT
RF power 300 W
DC bias 480 V
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The resultant etch rate of Si gratings was 80 nm/min as shown in Fig. 5.6 and the initial 
etch o f Si02 removed 90 nm thick of Si. Using this etching profile, the Unibond SOI 
samples were etched with four different grating depths and the residual Si02 mask on 
the samples was then stripped with 7:1 hydrofluoric acid (diluted with water).
Etch time (minutes)
Fig. 5.6 Etch rate of Si rectangular gratings on SOI during RIE,
Under the inspection o f a SEM (Scanning Electron Microscopy), the resulting 
fabricated Si rectangular gratings on SOI were found to have the grating heights of 
0.14 pm, 0.23 pm, 0.3 pm and 0.44 pm with a remaining Si film thickness of 1 pm as 
shown in Fig. 5.7, 5.8, 5.9 and 5.10, respectively. The darker middle section under the 
grating shown in the photographs is the 0.67pm thick Si02 buried layer in the Unibond 
wafer. Each grating has the dimension o f 1mm by 1mm, i.e. grating length, L = 1mm. 
All gratings have a period of 0.4 pm.
1 0 2
Fig. 5.7 SEM photograph of a Unibond SOI grating coupler with a Si grating height of 0.14 pm.
Fig. 5.8 SEM photograph of a Unibond SOI grating coupler with a Si grating height of 0.23 pm.
Fig. 5.9 SEM photograph of a Unibond SOI grating coupler with a Si grating height of 0.3 pm.
4 3 . 1 K X  2 0 K U  W D = 7 M H S  * 0  0  0  0  0  P ^ O O O O S
1 U M -------------------------------------------------------------------------------
Fig. 5.10 SEM photograph of a Unibond SOI grating coupler with a Si grating height of 0.44 pm.
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The basic structure o f the fabricated Unibond grating couplers and the sample are 
shown in Fig. 5.11 (a) and (b), respectively. Fig. 5.11 (a) shows the waveguide input 
and output couplers, which comprise Si rectangular gratings with a period o f 0.4 pm. 
Waveguide propagation lengths of 0.5 cm, 1.0 cm and 1.5 cm were used as shown in 
Fig. 5.11 (b). These variable lengths allowed us to calculate the Unibond waveguide 
loss accurately by relating output power to propagation loss. This method assumes 
identical coupling for each grating. This is discussed further in chapter 6.
jT jT jm jT_rijm _   nu m rum n-ri-
Input coupler Si f&n Output coupler
(b)
Fig. 5.11 (a) Basic structure o f Unibond waveguide which consists o f input and
output Si rectangular grating couplers and (b) Schematic layout of grating couplers on 
Unibond sample.
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5.5 Fabrication of SOI sawtooth blazed gratings
There are mainly two methods of fabricating sawtooth blazed gratings as shown in Fig. 
5.12. Fig 5.12 (a) displays the direct electron beam writing method with a variable 
electron dose to create the blazed profile [58-59] whereas Fig. 5.12 (b) illustrates the 
ion beam technique to etch the sample at an angle to create the blazed structure [24- 
28]. In our work, the first method was first attempted to fabricate the blazed grating in 
Si with a pitch of 500 nm but it was unsuccessful. Nevertheless, this fabrication 
process and the problems will be discussed and presented. Subsequently, the second 
method was attempted using electron beam lithography to fabricate the rectangular 
mask with a period of 400 nm and the SOI were etched under the Argon (Ar) beam at 
an angle. A very good asymmetrical profile of sawtooth blazed gratings with a pitch of 
400 nm in Si was then obtained. The result and the fabrication process of achieving it 
will be discussed and presented.
PMMA resist
Electron dose
M l M l
(i) (ii)
RIE
(a)
Argon ion beam
Fig. 5.12 Process of fabricating blazed gratings: (a) Direct electron beam writing [58-59]. 
(b) Wafer etched with Argon ion at an angle [24-28].
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5.5.1 Si blazed gratings using direct electron beam writing
The fabrication o f Si blazed gratings using the technique of direct electron beam 
writing with variable electron dose is discussed in this section:
The wafer was first RCA cleaned (See page 98) and a layer of 350 nm thick PMMA 
photoresist was deposited. During the electron-beam lithography process, an electron 
beam voltage of 15 keV and an electron beam current density of 0.125 nA/cm2 were 
used. The electron dose varied from 0 to 17 pC/cm2 to create a sawtooth blaze profile 
on the resist and the grating was designed at a bigger pitch of 1 pm to test this range 
of electron dose. A grating depth in the Si was chosen of the order o f 200 nm. The 
profile of the blazed PMMA resist after the development is shown in Fig. 5.13.
Fig. 5.13 SEM picture of the developed blazed PMMA resist with an electron dose 
varied form 0 - 1 7  pC/cm2.
From the SEM photograph of the resist blazed pattern shown in Fig. 5.13, it can be 
seen that the grating depth was about 220 nm. Hence, the blazed resist was not fully 
developed (Deposited resist thickness = 350 nm). This implied that the electron 
concentration used might have been too low. Nevertheless, a good asymmetrical 
profile was obtained with this range of electron dosage. The sample was then dry 
etched with CF4 + 0 2 to transfer this asymmetrical blaze profile onto the Si. The
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profile of the fabricated Si blazed gratings turned out to have a good asymmetrical 
profile at a grating height of about 150 nm and a period of 800 nm as shown in Fig.
5.14. However, the surface of the Si blaze was irregular and inconsistent. Hence, we 
increased the range of electron dose to 0 -  45 pC/cm2 in an attempt to improve the Si 
blazed profile, but the PMMA resist turned out to be overexposed which caused the 
profile of the etched Si to be flat.
2  1 , 6  K X  2 Q  K U  W 0  * 7  MM 3  = 6 0 8 0 d  P * Q G 0 1 5
2 u M — :---------------------------------------------------
Fig. 5.14 SEM picture of the fabricated Si blazed gratings from the 1 pm pitch blazed 
resist mask.
Therefore, the electron dose was determined to be 0 -  17 pC/cm2 for the electron 
voltage and current density of 15 keV and 0.125 nA/cm2, respectively.
We then proceeded to fabricate gratings with a pitch of 500 nm using the same PMMA 
resist thickness, electron beam input and dry etching as before. The result of the 
fabricated Si blazed with a period of 500 nm appeared to be thinner than expected and 
the asymmetrical profile of the blaze was not attained, as shown in Fig. 5.15.
In order to improve the fabrication of 500 nm pitch of Si blazed gratings which have a 
deeper and an asymmetrical profile, a thicker PMMA resist was proposed. The
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PMMA resist was deposited with two different thickness’ : a medium thickness of 800 
nm and a large thickness of 2 pm. Fig. 5.16 and 5.17 show the profiles of the 
developed PMMA resist with the thickness’ of 0.8 and 2 pm, respectively.
Fig. 5.15 SEM picture of the fabricated Si blazed gratings at the period of 500 nm.
Fig. 5.16 SEM picture of the developed blazed PMMA resist which has a thickness of 0.8 pm.
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Fig. 5.17 SEM picture of the developed blazed PMMA resist which has a thickness of 2 pm.
It can be seen from the SEM pictures (Fig. 5.16 and 5.17) that the profile of the 
PMMA blazed gratings for both thickness’ were not very asymmetrical. The trough of 
the grating was wide and this led to the grating having a symmetrical profile, instead of 
a sawtooth structure. This problem can be explained by the proximity effect of the 
electron beam during the writing process where the forward and backward scattering 
of the electrons cause undesirable widening o f the resolution in the resist [31, 61, 75].
This effect is worsen when the fabricated structure is small as in our case, a submicron 
period of 500 nm.
Nevertheless, both resist grating samples were etched (CF4 dry etching) to fabricate the 
Si blazed gratings, and their SEM results are presented in Fig. 5.18 and 5.19, 
respectively. Their results were undesirable which has a structure far from an 
asymmetrical blazed profile. The poor results of these Si blazed gratings were not 
simply caused by over-etching as some resist could still be seen on some parts of the 
wafers. We believe that this is somehow due to the change of resist tolerance during 
the dry etching and the symmetrical profile of the resist mask (Fig. 5.16 and 5.17).
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Fig. 5.18 SEM picture of the fabricated Si blazed grating which used 0.8 pm thick of 
PMMA resist.
Fig. 5.19 SEM picture of the fabricated Si blazed which used 2 pm thick of PMMA resist.
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5.5.2 Si blazed gratings using ion beam milling at an angle
To our knowledge, no blazed grating has been fabricated in Si at a pitch o f less than 
half a micron. In this section, we report the successful fabrication of Si blazed gratings 
having a period of 400 nm, using electron beam lithography followed by ion beam 
etching at an angle [24-28].
First o f all, the Ar ion beam chamber was characterised to find out the etch rate o f 
various dielectrics to select a suitable mask material for etching the Si blazed gratings. 
It was found that the etch rate o f the Si02 mask used for fabricating the SOI 
rectangular gratings (Section 5.4, page 98) was 1.5 times faster than for the Si under 
the Ar ion beam. The photoresist UV2N and PMMA were also found to have a faster 
etch rate than the Si02. Hence, these materials were not suitable to be used as the 
masks. Subsequently, Si3N4 was found to have a slower etch rate than Si in the ratio 
of »  1.5 : 1 and hence the nitride was selected as the mask material for the Si blaze 
etching.
The Si wafers were first RCA cleaned (See page 98) and then deposited with a layer o f 
200 nm thick Si3N4 by LPCVD (Low Pressure Chemical Vapour Deposition). Before 
ion etching the wafers, rectangular gratings were formed in the Si3N4 mask with a 
period o f 400 nm using electron-beam lithography, followed by reactive ion etching. 
The wafers were then dry etched with Ar in the Ion Beam Miller chamber under the 
conditions as shown in Table 5.5.
Table 5.5 Condition of the Ar beam etching for the Si blazed gratings.
Gas content for Si etch Argon (Ar)
Base pressure 4 pT
RF power 311 W
Bias voltage 390 V
Bias current 200 mA
Accelerating voltage 275 V
Accelerating current 200 mA
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The wafers were tilted at various angles (See Fig. 5.12 (b), page 106) to investigate 
the characteristics of the ion beam etching on the blaze profile and the blaze angle of 
the Si gratings. The wafer tilt angle was varied from 27° to 67° and the etch time was 
selected as 4 minutes. The blaze angle was expected to range from 63° to 23° (90°- 
wafer tilt angle) and the etch depth in Si was expected to be of the order of 100 nm.
Fig. 5.20 shows the measured relationship between the blaze angle and the wafer tilt 
angle. It can be seen that the resultant blaze angle, <j), was determined as (77°- wafer 
tilt angle), instead of (90°- wafer tilt angle) as achieved by previous authors [24-26]. 
This could due to the fact that the blaze angle is also dependent on the grating height, 
i.e. the vertical etch depth of the Si blazed gratings.
Tilt angle (°)
Fig. 5.20 Relation between the tilt wafer angle and the blaze angle.
Different duty cycles of Si3N4 rectangular masks ranging from 30 to 50 % were also 
fabricated to determine whether the mark to space ratio of the mask had any effect 
upon the blaze profile. The experiments indicted that the duty cycle o f the mask had 
little effect on the grating profile, as compared to the tilt angle and etching time. 
Consequently, the rectangular grating mask was usually fabricated for a mark-space 
ratio o f 50 %. The best asymmetrical Si blazed profile using the grating mask period of
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400 nm was successfully fabricated in SOI Unibond wafers at the tilt angle o f 70°, as 
shown in Fig. 5.21.
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(b)
Fig. 5.21 (a) SEM photograph o f a good asymmetrical Si blazed profile in Unibond
SOI. (b) SOI blazed gratings with a pitch o f 383 nm and a grating height o f 80 nm.
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Inspection using an SEM (Scanning Electron Microscopy) gave dimensions for the Si 
blazed gratings which were a grating pitch o f  383 nm, a grating height o f 80 nm and a 
resulting Si film thickness o f 1 pm. In addition, it can be seen that the top portion o f  
the blaze is sharp and the blaze angle is approximately 10°.
5.6 Experimental set-up for measuring output efficiency
The output efficiency o f  the grating couplers can be measured using the experimental 
arrangement as illustrated in Fig. 5.22. The details o f the equipment used for 
measuring the output power o f our grating couplers are presented and discussed in the 
following sections.
Pigtailed fibre 
laser diode at 
1.3 pm
Polarisation
controller lenses
]“ K I ] D G
Infrared 
camera
y
Focusing 
Objective lens
-> z
Outcoupled
beam
Rotation stage
Unibond 
sample
x y z translation, 
tilted stages
detector
Fig. 5.22 Experimental set-up for measuring the output power o f  a Unibond sample.
5.6.1 Source
The laser source used in Fig. 5.22, is a 1.3 pm DFB (Distributed Feedback) 
singlemode fibre-pigtailed laser diode with a built-in optical isolator and cooler in a 14 
pin dual inline package obtained from MRV Technologies, Inc.. The maximum output 
power o f  the laser diode is 4 mW at a room temperature o f 25°C. The laser was 
mounted on a Model 740 series telecom Laser Diode Mount (Butterfly) obtained from 
Newport:"In"addition,“ a' laser' diode driver (Model 500 series, Newport) and a
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temperature controller (Model 300 series, Newport) were also used to provide a stable 
current and temperature control for the laser diode.
5.6.2 Optical components
The cascaded lens shown in Fig. 5.22 comprise a 0.17 numerical aperture (N.A.), 16 
mm focal length Newport objective lens, followed by an 0.8 N.A., 6 mm focal length 
Newport objective lens and a 0.65 N.A., 4.6 mm focal length microscopic objective 
lens from Melles Griot. These lens were incorporated with the lens holders which were 
in turn mounted on a x-y-z micrometer translation stages. Hence, using the stages, the 
beam diameter and the positioning o f  the input beam onto the grating sample can be 
adjusted accordingly. In addition, the purpose o f the lenses was to collimate and 
expand the output beam from the fibre pig-tailed laser diode to minimise the distortion 
o f  the input beam travelling to the sample. The focusing lens used for narrowing the 
input beam into a diameter o f  approximately 300 pm is a plano-convex glass lens 
(Melles Griot, model 01LPX123, 60 mm focal length) with an infrared antireflection 
coating, mounted with a standard lens holder (model 07LHF006, 23 mm diameter) and 
a post holder (07PHS513).
5.6.3 Instruments
The rotation stage used in the experiment was a manual URM100 AMS series with an 
angular resolution o f  0.001° obtained from Newport. It was used to rotate the grating 
sample so that the input and output resonance angles can be detected, where the power 
o f the output beam from the grating coupler is at its maximum and hence a maximum 
output efficiency. In addition, the full-width-half-maximum (FWHM) can also be 
measured using this rotation stage. The technique o f  measuring the maximum output 
beam power will be discussed further in section 5.7.
The x-y tilt stage where the sample holder is mounted, is a precision table obtained 
from Melles Griot. In addition, a polarisation controller (Newport) was used to 
manipulate the pigtailed-fibre o f the laser diode so that the polarisation o f the beam can 
be adjusted to TE or TM mode.
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5.6.4 Detector
In the experiment, a dual channel versatile laser power/ energy meter called a 
Laserstar, and Germanium (Ge) photodiodes (model PD300 series), obtained from 
Ophir, were used to measure the power o f the input and output beams. In addition, an 
infrared camera, Beam Finder III (Camera head C5332 series, Camera Control Set 
C5489) obtained from Hamamatsu, was used to capture the view o f input and output 
beams translating or positioning on the grating sample, where the image is then 
projected on the television (TV) monitor. Furthermore, a Beam Analyser was used for 
measuring the width o f  the input laser beam (~300 pm).
5.7 Experimental measurement techniques
Using the experimental set-up shown in Fig. 5.22 (page 115), the maximum output 
beam power o f the output grating couplers can be measured, and hence the 
calculations o f the waveguide loss and maximum output efficiency o f  the grating 
couplers can be made. The experimental steps for obtaining the output beam powers at 
resonance are presented as follows:
(1) The input infrared laser beam o f A = 1.3 pm was first aligned approximately to a 
position and distance where the sample o f the grating couplers would be held, 
through the adjustment o f  microstages that hold the objective lenses.
(2) The polarisation controller was then adjusted to maintain the beam at the TE 
polarisation on the grating sample as shown in Fig. 5.23.
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Input grating coupler
TE polarisation:
E field is “across” the grating 
where E is perpendicular to 
the direction o f propagation, z.
Output grating coupler
Fig. 5.23 Position o f the electric field (E) on the Unibond SOI grating sample at TE 
polarisation.
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(3) Using the Beam Analyser and associated software, the input beam spot size was 
then focused to a diameter o f approximately 300 pm at the centre o f the rotation 
stage via the focusing lens, by adjusting the distance between the first two 
microscopic objective lenses.
(4) The sample was then mounted onto the sample holder which was placed on the x, 
y, tilt precision table with the x, y, z translation stages and the rotation stage as 
shown in Fig. 5.24. The sample was placed at the centre o f the rotation stage 
where the input beam spot size was pre-located. The actual input beam diameter 
on the grating sample was estimated to be 300 ± 50 pm, due mainly to the 
precision with which the sample could be placed.
Rotation stage x, y, z
translation stages
Fig. 5.24 Details o f the experimental set-up for the output efficiency and waveguide 
loss measurements on the Unibond grating sample.
(5) The rotation stage scale was first positioned at 0°. As shown in Fig. 5.24, using 
the reflected beam from the sample and a custom-made aperture-hole structure, 
the sample was then straightened accurately at 0° on the rotation stage when the 
reflected beam is aligned with the incident beam through the smallest aperture hole * • ■ •
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(0.3 mm diameter), i.e. normal incidence, thereby calibrating the angular rotation 
scale.
(6) The aperture-hole structure was then moved away and the incident beam was then 
positioned to one o f the input grating couplers using the y, z, translation stages, 
thus retaining the grating at the centre o f  the rotation stage.
(7) The Unibond sample was then rotated and adjusted using the rotation stage and 
the x, y, tilt precision table respectively, until the beam intensity at the output 
coupler was optimised on the monitor using the infrared camera.
(8) This maximum output beam power (hence maximum output efficiency) was 
measured using the Germanium (Ge) photodiode and recorded by the 
powermeter.
(9) Subsequently, at this maximum output efficiency, the resonance output beam angle 
(rotation stage), the incident, reflected and transmitted beam powers were 
measured and recorded.
(10) Finally, the Ge detector was scanned across the input and output couplers to 
measure any scattered light from the gratings.
The results o f  the waveguide loss and output efficiencies are presented and discussed 
in chapter 6.
5.8 Summary
The experimental details o f  the fabrication processes o f our SOI rectangular and 
sawtooth blazed gratings and the experimental set-up for measuring the output power 
have been discussed. Unibond wafers were chosen as our SOI material because it 
allows us to select the optimum Si guiding layer and the buried S i02 thickness’ , and 
hence an optimum output efficiency. Gratings can be patterned either by electron beam 
writing or holographic interference lithography, followed by reactive ion etching. The 
advantages and' disadvantages o f each method were presented. Electron-beam' (e- 
beam) writing was chosen for patterning our gratings because it has a higher resolution
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and greater flexibility in changing the grating parameters and profiles than the 
holographic interference method. The e-beam writing on our gratings was carried out 
at Southampton University.
The Si rectangular gratings were fabricated using direct electron beam writing 
followed by anisotropic reactive ion etching. Four different etch depths o f 0.14 0.23, 
0.3, 0.44 pm were obtained. The grating period was 0.4 pm and the Si film thickness 
was 1pm. The samples were fabricated with input and output couplers at different 
separate distance o f 0.5, 1.0, and 1.5 cm. These variable lengths allowed us to 
calculate the waveguide loss accurately by relating output power to propagation loss. 
This method assumes identical coupling for each grating. This is discussed further in 
chapter 6.
Si sawtooth blazed gratings were also successfully fabricated using the technique of 
angled ion beam etching. To our knowledge, no sawtooth blazed gratings with the 
period o f  0.5 um or less has been reported using direct e-beam writing with a variable 
electron dose method. One o f  the reasons is probably due to the critical problem that 
was encountered during the e-beam writing process where the forward and backward 
scattering o f  the electrons enlarge the submicron resolution in the resist [31, 61, 75]. 
The increase o f dimension on the trough o f  the resist mask makes the asymmetrical 
blazed profile difficult to attain. Subsequently, the technique o f ion beam etching at an 
angle on the wafer was used where Si blazed gratings were successfully fabricated [24- 
28].
The fabrication process for our blazed gratings included electron beam writing and 
reactive ion etching to produce the grating mask and ion beam etching to create the 
sawtooth profile o f the grating. The gratings were achieved with a blaze angle o f (j) at 
a wafer tilt angle o f (77-4>)°. A Si blazed profile with a period o f 383 nm and a grating 
height o f 80 nm was obtained at a tilt angle o f 70°. The gratings had a blaze angle of 
approximately 10° and a near perfect top. The resulting Si film thickness was the same 
as for the SOI rectangular gratings which was ! jam. - ' .....
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We have successfully fabricated the first blazed gratings in Si at a pitch o f  < 400 nm in 
SOL In addition, four different grating heights for the rectangular grating couplers are 
used to investigate the effect o f  grating height upon the output efficiency.
Furthermore, the experimental technique o f  obtaining the maximum output efficiency 
o f the grating couplers has also been discussed, and hence the calculations o f the 
waveguide loss and output efficiency o f  the grating couplers can be obtained. This is 
discussed further in chapter 6.
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Chapter 6
Experimental Results and Discussion
6.1 Introduction
In this chapter, the optical loss o f  Unibond waveguides is reported, as measured using 
the rectangular grating couplers. In addition, the factors contributing to the loss are 
also discussed. Subsequently, the output efficiency and directionality o f the SOI 
rectangular and blazed grating couplers are discussed. Different rectangular grating 
heights o f 0.14, 0.23, 0.3 and 0.44 pm were used for the evaluation o f  the effect o f 
grating height upon the output efficiency. Furthermore, the half widths o f the 
resonance angles were measured to investigate the magnitude o f  the perturbation 
created by the gratings. Finally, the measured output efficiencies o f  our SOI 
rectangular and blazed gratings were compared and analysed with the predicted values 
calculated by the perturbation theory.
6.2 Waveguide loss measurement on Unibond
The experimental measurement technique o f obtaining the maximum output efficiency 
(Section 5.7 page 117) was used to determine the loss o f  the waveguide. The 
waveguide loss can be calculated by taking the ratio o f  the output beam powers o f  the 
output couplers with reference to the difference in propagation lengths, as shown in 
Fig. 6.1.
Pi max = 81.5 pW
Unibond waveguide loss (dB/cm) = [10 log (Pi max /  P2 max)] 7 (1 .5 -  0.5) CHI
Fig. 6.1 Calculation o f waveguide loss in a Unibond sample using output grating 
couplers.
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The variable lengths o f 0.5, 1.0 and 1.5 cm on the sample enable us to calculate the 
mean waveguide loss accurately by averaging the propagation losses for eight samples, 
and assuming identical coupling for each grating. The mean waveguide loss was then 
calculated as 0.15 dB/cm with a maximum deviation o f ±  0.05 dB/cm, as shown in 
Fig. 6.2.
Unibond waveguide loss 
(dB/cm)
0 .3
0 .2 5  - -  
0.2 - -
0 .1 5  -
0.1 -  
0 .0 5  -  
0
0 6 8
Grating couplers
Fig. 6.2 The Unibond material has an average loss o f  0.146 dB/cm »  0.15 dB/cm with a 
maximum deviation o f ± 0.05 dB/cm.
This optical loss o f 0.15 ± 0.05 dB/cm for planar Unibond waveguides is among the 
lowest loss o f SOI waveguides reported and is comparable to the losses o f SIMOX 
waveguides achieved by Rickman et al [84] and Fischer et al, [87]. The low loss is due 
to several factors:
First, SOI waveguide structures are strongly confining due to the high refractive index 
difference between the air /  Si /  Si02. Secondly, the thick Si02 (0.67 pm) buried layer 
prevents high leakage o f the guided beam towards the substrate [20-21]. Thirdly, the 
smooth Si/Si02 interface produced by the smart-cut process, in Unibond wafers 
minimises the scattering loss o f the guided wave in the waveguide [23].
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Consequently, the loss o f the Unibond SOI at 1.3 pm is mainly due to the absorption 
loss o f  the bulk silicon as discussed in section 3.6.1 (page 74). This result shows that 
Unibond material exhibits a good quality Si guiding layer which is comparable to that 
o f pure Si, allowing optical integrated circuits to be fabricated at low cost. 
Furthermore the manufacturing process is sufficiently flexible to allow variations in the 
thickness o f  the guiding Si layer, and the buried S i02 layer and hence a flexibility in 
designing the grating couplers.
6.3 Output efficiency of SOI rectangular grating coupler
In this section, the calculation o f  the output efficiency o f  the SOI rectangular grating 
coupler is discussed. Fig. 6.3 shows the input and output SOI rectangular grating 
couplers with the defined parameters used for our output efficiency calculations.
Incident beam (I) Reflected beam (R) Maximum outcoupled beam (OCmax)
air
Input coupler \j/ Waveguide loss (L)
j T J i T u m ! r m _ n  J .___
Guided wave at input (G l) Si
Output coupler
jxru i-x iJnrfiL rT -ri_
Guided wave at output (G2)
Transmitted 
beam (T l) *
Si02 buried layer
Si substrate
\
Transmitted 
beam (T2)
Fig. 6.3 Input and output rectangular grating couplers on SOI with defined parameters 
for output efficiency calculation.
By way o f example, the calculation o f  output efficiency towards the air, rp, o f the 
output rectangular grating coupler for the grating height o f 0.14 pm (1.5 cm between 
input and output couplers) is presented as follows:
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At the resonance angle o f  9.50°, the powers o f  the incident beam (I), reflected beam 
(R), input transmitted beam (TI), output transmitted beam (T2) and the maximum 
output beam power (OCmax) were measured. The values o f  transmitted beam powers 
must allow for 31 % Fresnel reflection at the Si /  air interface as described in chapter 3 
(Page 77).Therefore, the guided wave power at the input coupler, G1 = I - R - TI. 
Hence, the guided wave power at the output coupler after propagating for the distance 
o f  1.5 cm, G2 = G1 -  L, where the waveguide loss (L) in this case is (0.15 dB/cm x
1.5 cm) dB. Finally, the output efficiency o f the SOI rectangular grating coupler 
towards the air, r\a, is obtained as:
11.= ^ ^  (6.1)
The mean output efficiency obtained for this grating coupler is 71 %.
This high output efficiency o f  our SOI rectangular grating couplers can be supported 
by the photographs shown in Fig. 6.4 where the maximum output beam (OCmax) from 
the output coupler (beam spot on the right in Fig. 6.4 (a)) has a much higher intensity 
than the transmitted beam from the output coupler substrate (T2) (beam spot on the 
left o f Fig. 6.4 (b).
The uncertainty o f  a single measurement on a grating sample due to the Ge 
photodetector (± 5 %, as specified by the manufacturer) was found to be ±  21 %. This 
uncertainty was obtained by calculating ([(5  OCmax / OCmax)2 (d I / 1)2 + (d R / R)2 + (d 
TI /  T I)2 + (d h / L)2] 05 ) where the parameters are defined above. The total 
uncertainty was evaluated by taking repeated power measurements on the same grating 
8 times (with the sample rotated to the origin and adjusted back to 
resonance).Repeating the experiment enables a reduction in the uncertainty o f a single 
measurement to be made. Ideally it would be desirable to repeat the experiment a very 
large number o f times to produce a statistically significant result, and hence to reduce 
the uncertainty. For practical reasons, the experimental was only repeated 8 times in 
this work, resulting in an overall uncertainty o f  ±  7 %. This total uncertainty compares 
well with the value o f maximum deviation o f the 8 data points as presented on page 
127.
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(a )
(b)
Fig. 6.4 Photographs o f our SOI rectangular grating couplers which have the grating 
height o f 0.14 pm at the maximum output efficiency towards the superstrate: (a) The 
beam spot shown on the left in the picture is the reflected beam (R) from the input 
coupler whereas on the right is the maximum output beam from the output coupler 
(OCmax). (b) The beam shown on the left is the transmitted beam from the output 
coupler substrate (T2) while the one on the right is the transmitted beam from the 
input coupler substrate (Tl). It can be seen that OCmax has a much higher intensity than 
T2 which supports the high output efficiency o f 71 %.
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Using the same experimental procedures (Section 5.7, page 117) and the calculation 
method presented in section 6.3 (Page 124), the maximum output efficiencies towards 
the superstrate for the other grating samples with grating heights o f 0.23, 0.30 and 
0.44 pm were obtained as shown in Table 6.1. In addition, these mean output 
efficiencies were measured to have the maximum deviation o f  ±  5 %  based on the 
method used in Fig. 6.2 (Page 123). This is in a good agreement with the ±  7 % 
uncertainty as expected. The deviation was related to the accuracy o f the measured 
values o f the input and output substrate transmitted beams, T l and T2, which were 
scattered from the rough Si substrate surface. This is discussed further in section 6.7 
(Page 132). In addition, these measured output efficiencies will be compared with the 
theoretical values in section 6.9 (Page 136).
Furthermore, the corresponding output beam angles at resonance were also measured. 
It was found that the maximum variation o f  the resonance angles was within ±  0.2°. 
This uncertainty was dependent on the accuracy o f centering the grating samples on 
the rotation stage during the experiment. In addition, the uncertainty o f the grating 
heights measured from the calibration scale on the SEM machine is approximately ±  10 
%. Hence, the grating heights o f  the rectangular samples with tolerance will be given 
as 0.14 ±  0.01 pm, 0.23 ±  0.02 pm, 0.3 ±  0.03 pm, and 0.44 ±  0.04 pm respectively 
and 80 ± 8 nm for the blazed grating sample.
Table 6.1 Measured output efficiencies with various grating heights for a Si film 
thickness o f 1 pm. ______ __________________  _____
Mean grating height 
(pm ±  10 %)
Mean measured 
output efficiency
Mean output resonance 
angle (±  0.2°)
0.14 71 + 5 % 9.5
0.23 30 ± 5 % 9.2
0.30 54 ± 5 % 8.5
0.44 60 ±  5 % 6.0
6.4 Directionality of SOI rectangular grating coupler
As opposed to output efficiency, the directionality, D, o f the rectangular grating 
coupler can be defined as the ratio between the output beam power diffracted towards
127
the superstrate, Pa, and the output beam power diffracted towards the substrate, Ps 
Many authors confused directionality with output efficiency. Directionality is given as:
Pa
Pa + Ps
D = - ■ (6.2)
Equation 6.2 can be rewritten as:
OC
D = — ■ max -  (6.3)
OC +T2 v 'max
where OCmax is the maximum output beam power from the output coupler at resonance 
and T2 is the transmitted beam towards the substrate at the output coupler. It was 
found that the highest directionality towards the superstrate among the rectangular 
grating couplers was 76 %, from the sample that had a grating height o f 0.14 pm. This 
was evaluated by substituting OCmax = 91 pW and T2 = 29 pW  from section 6.3 (Page 
124) into equation 6.3. Note that the directionality always has a higher value than the 
output efficiency.
6.5 Output efficiency of SOI blazed grating coupler
In this section, the output efficiency o f the SOI blazed grating coupler is calculated and 
discussed. Fig. 6.5 shows the photographs o f our fabricated SOI blazed grating 
coupler when it is at its maximum output efficiency. The resonance beam angle 
obtained was 2.5°. It can be seen from Fig. 6.5 (a) that very “ little” light (you can 
hardly see it) is outcoupled towards the superstrate. This shows that most o f the 
output beam is directed towards the substrate with the “blazing” effect (Fig. 6.5 (b)). 
This provides evidence that our designed SOI blazed grating couplers has a very high 
directionality. The high intensity o f the input transmitted beam, T l, was due to the fact 
that the input beam width o f 300 pm was not an optimised value for the blazed 
gratings, which resulted in poor input coupling efficiency. However, a very high output 
efficiency was expected because most o f  the light would have coupled out o f the 
waveguide via the output coupler which had a fabricated grating length o f  1 mm. This 
is because, blazed gratings have L75 times the leakage factor o f  rectangular gratings* 
[14-15] which gives a designed blazed grating-length of.~.114 pm (almost half that o f  ......
the rectangular grating).
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(b)
Fig. 6.5 Photographs o f our blazed grating couplers on SOI which have the grating 
height o f 80 nm at the maximum output efficiency towards the substrate: (a) The 
“ faint” beam spot shown on the left is the output beam towards the superstrate (OCmax) 
at the output coupler whereas the one on the right is the reflected beam (R) from the 
input coupler, (b) The beam shown on the left is the transmitted beam from the input 
coupler substrate (TI) whereas the one on the right is the transmitted beam from the 
output coupler substrate (T2). It can be seen that the directionality (T2/{T2 + OCmax}) 
o f our blazed couplers towards the substrate is extremely high and the high intensity of 
TI was due to unoptimised input coupling efficiency.
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Similarly, using the same principles described for the calculation o f  output efficiency o f 
the SOI rectangular grating couplers presented in section 6.3 (Page 124), we can 
calculate the output efficiency towards the substrate for our SOI blazed grating 
coupler with the measured parameters as shown in Table 6.2.
efficiency towards the substrate o f  our
(6.4)
Table 6.2 Measured parameters o f our blazed grating couplers on SOI for output 
efficiency calculation.
Resonance angle 2.5°
Incident input beam power, I 745 pW
Reflected beam power, R 562 pW
Input transmitted beam power, TI 100 pW
Input guided wave power, G1 83 pW
Waveguide propagation loss (1 cm) 0.15 dB
Output guided wave power, G2 80.2 pW
Maximum output beam power towards
substrate, T2 (with Fresnel loss) 67.4 pW
Output beam towards superstrate, OCmax Too low to be measured by detector
6.6 Directionality of SOI blazed grating coupler
Measurement o f directionality for our SOI blazed grating couplers towards the 
substrate was difficult because the output beam intensity towards the superstrate 
(OCmax) was so “ faint” that it could not be detected by the O e detector-(See Fig. 6.5:
(a)). To overcome this problem, we captured the output beam images losing the, 
infrared camera with the frame grabber installed in the computer to find the ratio
Hence, using the data in Table 6.2, the output
T2SOI blazed grating coupler, tjs = —
G2
_  67.4pW 
”  80.2|uW
= 84 %
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between the output beam intensity towards the substrate and the output beam intensity 
towards the superstrate, as shown in Fig. 6.6.
Output beam towards 
superstrate (OCmax)
(a)
Input beam towards 
substrate (T l)
(b)
Fig. 6.6 Beam intensities o f the blazed gratings: (a) towards superstrate (b) towards substrate.
255.00
Reflected beam towards 
superstrate (R)
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From Fig. 6.6:
The intensity towards the substrate (T2) = 1194 units2 (Area under curve)
The intensity towards the superstrate (OCmax) = 173 units2 (Area under curve) 
Hence, the directionality o f the blazed gratings towards substrate is given as:
T2 + OCmax
1194 
1194+173 
= 87 %
which has a higher value than the output efficiency as expected.
6.7 Discussion of output efficiency and directionality
In an ideal case where the gratings are perfect and all o f the scattered light can be 
measured and accounted for, the output efficiency o f the grating coupler will be equal 
to that o f its directionality, i.e. G2 = OCmax + T2 (See Fig. 6.3, page 125). In practice, 
it is however not the case, as evident in the measured values presented in sections 
6.2.2-6.2.5 where the output efficiency is lower than the directionality.
Nevertheless, in our case, one would expect that the output beams (OCmax + T2) 
should be very close to that o f  the incident guided-wave (G2), due to the long 
fabricated grating lengths and high quality o f the gratings. It is possible that the 
difference is attributable to the following:
The measured values o f the input and output substrate transmitted beams,Tl and T2, 
are lower than their true values, due to the scattering loss o f the beams by the rough Si 
substrate surface.
Therefore, for the reason given above, the guided-wave powers (G1 and G2) in the 
waveguide are higher than their true values and hence the output efficiencies o f our 
grating couplers eould be higher than stated. Hence, the output efficiencies o f 71 % o f 
the rectangular gratings and 84 % o f the blazed gratings are the minimum values and 
their directionality o f 76 % and 87 % respectively are the maximum values.
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These experimental output efficiencies will be compared with the theoretical values 
(Perturbation theory) and discussed in sections 6.9 (Page 137) and 6.10 (Page 139).
6.8 Relationship of output beam angular width with perturbation
In this section, we used the output beam angular widths o f the grating couplers to find 
out the degree o f perturbation created by the grating profiles (rectangular and blaze).
The fiill-width half-maximum (FWHM) o f  our rectangular and blazed grating couplers 
were measured as shown Fig. 6.7 (a)-(e), where the output beam intensities were 
measured at the multiple intervals o f  0.05°. The FWHM or angular half width o f the 
couplers were obtained by taking the difference between the output beam angles 
corresponding to the half intensities o f the maximum output beam power (OCmax).
Table 6.3 shows the summary o f the angular half width measurements o f  our grating 
couplers. It can be seen that the major difference between our asymmetrical blazed 
grating and symmetrical rectangular couplers is that the former exhibits a stronger 
leakage factor and hence a shorter coupler length, than the latter. This is because half 
angular width increases with stronger perturbation where greater amount o f guided 
wave is scattered (diffracted) out o f  the waveguide by the gratings [11].
Table 6.3 Summary o f  angular half width o f  SOI rectangular and 
blazed grating couplers.
Grating height 
(pm)
Angular half width
(°)
0.14* 0.42
0.23* 0.45
0.30* 0.63
0.44* 0.47
0.08# 0.54
* Rectangular gratings. # Blazed gratings.
It can be seen that despite the fact that the rectangular gratings were etched two to five 
times deeper (except 0.3 jxm) than the blazed gratings, the former exhibit a much
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smaller perturbation than the latter. This result showing a high leakage factor for the 
blazed gratings agrees well with the work o f previous authors [10, 14-16, 56]. In 
addition, the non-linearity o f  the angular half widths versus grating heights in the 
rectangular grating samples indicates that their leakage factors reside in the saturation 
region which is oscillatory as illustrated in Fig. 3.5 (Page 60). This is due to fact that 
our fabricated grating heights were much larger than the value o f  threshold grating 
height, tg* which is approximately 90 nm, based on equation 3.16 (a) (Page 59).
Normalised output beam power (pW)
Output beam angle (°) 
(a)
Normalised output beam power (pW)
(b)
Output beam angle (°)
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Normalised output beam power (pW)
Output beam angle (°)
(c)
Grating depth = 0.44 jam 
Resonance angle = 6.00° 
FWHM = 0.47°
Normalised output beam power (pW)
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Normalised output beam power (pW)
Output beam angle (°)
(e)
Fig. 6.7 (a)-(e) Full-width-half-maximum (FWHM) o f  the rectangular gratings and (e) 
o f the blazed grating: (a) FWHM = 0.42° at resonance angle = 9.50°, grating depth = 
0.14 pm (b) FWHM = 0.45° at resonance angle = 9.20°, grating depth = 0.23 pm (c) 
FWHM = 0.63° at resonance angle = 8.50°, grating depth = 0.30 pm (d) FWHM = 
0.47° at resonance angle = 6.00°, grating depth = 0.44 pm (e) FWHM = 0.54° at 
resonance angle = 2.50°, grating depth = 0.08 pm.
6.9 Effects of grating heights upon output efficiencies
In this section, we compare and discuss the experimental output efficiencies o f our SOI 
rectangular grating couplers which have different grating heights o f 0.14, 0.23, 0.30 
and 0.44 pm, with their predicted values using the perturbation theory at the 
wavelength o f 1.3 pm in TE polarisation.
Fig. 6.8 jshows the theoretical output efficiency with various grating heights, 
(continuous curve) o f our fabricated SOI rectangular grating couplers which have a Si 
film thickness o f 1 pm, using the perturbation program presented in Appendix B [56].
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In addition, the measured output efficiencies o f our samples (Table 6.1, page 127) are 
also shown in Fig. 6.8 as represented by the data points. This is to investigate the 
accuracy o f the perturbation theory and the effect o f grating height upon the output 
efficiency o f  the grating couplers.
Output efficiency towards 
the superstrate (r|a)
Grating height, tg (pm)
Fig. 6.8 Theoretical perturbation output efficiency curve with various grating heights versus 
measured output efficiency data points o f the fabricated SOI rectangular grating couplers at 
the wavelength o f 1.3 pm in TE polarisation.
It can be seen from Fig. 6.8 that the experimental data are close to the theoretical 
curve, considering the 10 % tolerance o f the perturbation network analysis with 
reference to the exact theory and the maximum deviation o f 5 % o f  our output 
efficiency measurements. Hence'it can’be deduced that the theory agrees well with the 
measured values, even for the case o f  a deep grating and a large refractive index 
difference dielectric material, such as SOI. This outcome agrees well with Chang’s
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simulation results [56] and confirms the claim made by Chang that the perturbation 
theory gives sufficient accuracy to the output efficiency calculations which are 
comparable to the exact theory [56]. Having said that, the gratings can also be 
fabricated on SOI single-mode rib waveguides [96] using electron beam lithography 
where the expected output efficiency will be almost equal to that o f the planar 
structure, since the effective refractive index (N) o f the former is close to the latter. In 
addition, during the simulation o f  the perturbation program, it has been noticed that 
the value o f N has little effect on the output efficiency, except on the calculation o f  the 
output beam angle. However, the critical factors that affect the output efficiency will 
be the grating height (depth) and the film thickness. This is because the proportion o f 
the propagating field being perturbed is dependent on the former and the cavity o f the 
guiding layer is related to the latter. Furthermore, the 10 % tolerance o f  the theoretical 
output efficiency using perturbation theory as compared to the exact theory can be 
minimised by finding the best curve fit through the adjustment o f Si film thickness at 
the sensitivity o f 0.01pm.
Using perturbation theory, we have shown that we are able to predict the output 
efficiencies with respect to the grating heights. This theory allows us to determine the 
optimum grating heights to obtain highly efficient grating couplers with the available 
film thickness’ . To our knowledge, this is the first successful comparison o f theoretical 
prediction o f measured output efficiency with reference to the grating heights. The 
measured output efficiency o f 71 % for a Unibond SOI grating coupler, is the highest 
coupling efficiency yet reported for SOI couplers and this efficiency can be increased 
by further optimising the film thickness and grating height.
6.10 Comparison of theoretical and experimental output efficiency of blazed 
grating couplers
In common with the results o f the rectangular gratings, Fig. 6.9 shows the theoretical 
output efficiency curve with various grating heights and the experimental value (data 
point) o f our fabricated SOT blazed grating couplers (See Fig. 5:21, page 114) using 
the perturbation program (Appendix B )..........
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The theory and measured value were obtained at the wavelength o f  1.3 pm in TE 
polarisation. The grating period, d, was 0.383 pm and the Si film was 1 pm thick. The ’ * 
blaze profile was described as d2 = 0.8d which represented the width o f  the major 
slanting slope where the minor slope was 20 % o f  the grating period, and d0 = 0 which 
symbolised a non-flat-top sharp blaze.
As shown in Fig. 6.9, at the grating height o f  0.08 pm (Fabricated grating depth), the 
theoretical output efficiency was predicted at 87 %  which is very close to that o f  the 
measured output efficiency o f  84 %. Hence, this result confirms the claim made by the 
same author that this perturbation analysis can also be used to predict the output 
efficiency o f  a grating which has an asymmetrical profile [56].
Output efficiency towards 
substrate (r\s)
Grating height, tg (pm)
Fig. 6.9 Comparison o f experimental output efficiency with theoretical value-of the •••••-
fabricated SOI blazed grating couplers at TE polarisation using perturbation theory.
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Furthermore, it can be seen from Fig. 6.9 that the theoretical output efficiency reaches 
a maximum of more than 90 % at a grating height o f  less than 50 nm. This implies that 
further improvement o f the coupling efficiency can be achieved by reducing the grating 
height.
To our knowledge, this is the first Si blazed gratings fabricated in SOI and its 
measured output efficiency o f 84 % is the highest yet reported for any Si grating 
coupler.
6.11 Summary
The low loss o f 0.15 ±  0.05 dB/cm for Unibond waveguides is reported for the first 
time and it is among the lowest loss reported for SOI waveguides. This result shows 
that Unibond material exhibits a good quality Si guiding layer which is comparable to 
that o f pure Si, allowing optical integrated circuits to be fabricated at low cost.
The experimental procedures for measuring the maximum output efficiency o f  our 
Unibond SOI rectangular and blazed grating couplers were discussed and presented. 
An output efficiency o f at least 71 % towards the superstrate and a minimum of 84 % 
towards the substrate o f  the rectangular gratings and blazed gratings respectively were 
measured. In addition, directionalities o f  76 % and 87 % were also obtained for the 
above grating profiles respectively. These measured output efficiencies are the highest 
efficiencies yet reported for SOI couplers and they can be increased by further 
optimising the film thickness and grating height. Subsequently, the half angular width 
o f both grating profiles were measured and were from to have values ranging from 
0.42° to 0.63°.
In addition, using perturbation theory, we have shown that we are able to predict the 
output efficiency with respect to the grating height. This theory allows us to determine 
the optimum grating height to obtain highly efficient grating couplers with variable 
grating profiles such as rectangular and blazed gratings. To our knowledge, this is the 
first proven theoretical prediction o f  measured output efficiency with reference to the 
grating height. In addition, we have also experimentally confirmed that blazed gratings
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exhibit a higher leakage factor than the rectangular gratings through the measurements 
o f  their half angular widths which range from 0.42° to 0.63°.
Finally, our efficient rectangular output couplers could be used for near-normal surface 
coupling, this being suitable for air-to-air optical interconnections using surface- 
emitting lasers, whereas our blazed grating coupler could be used for efficient 
outcoupling to an embedded photodiode or optical connections below the waveguides.
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C h a p t e r  7
S u m m a r y ,  C o n c l u s i o n  a n d  F u t u r e  w o r k
7.1 Introduction
This chapter presents the conclusions o f this thesis, the discussions and results that 
have been achieved in this work. In addition, possibilities for future research will also 
be discussed and presented.
7.2 Summary and Conclusion
In this research work, our aim o f  designing and fabricating highly efficient thin film 
SOI waveguide grating couplers has been achieved. These thin Si (1 pm) grating 
couplers allow higher speed modulators (>100 MHz) to be made on silicon-based 
optoelectronics by carrier injection [4-6], where a thicker Si layer usually gives a 
modulation speed o f 10-20 MHz [7-8].
It has been known that high output efficiency waveguide grating couplers can be 
achieved either through the fabrication o f sawtooth and parallelelogramic blazed 
gratings, or rectangular gratings with a buried reflective layer [20-21]. Gratings can be 
patterned either by electron beam writing or holographic interference lithography, 
followed by reactive ion etching. Electron-beam (e-beam) writing was chosen for 
patterning our gratings because it has a higher resolution and greater flexibility in 
changing the grating parameters (e.g. grating period) and profiles than the holographic 
interference method. Hence, the Si rectangular gratings were fabricated using direct 
electron beam writing (e-beam writing) followed by anisotropic reactive ion etching 
(RIE). The sawtooth blazed profile can either be produced directly by tilting the wafer 
at an angle during the ion beam etching [24], or by the technique o f direct electron 
beam writing with variable electron dose. The latter method is however less effective 
in creating a good asymmetrical profile due to the scattering o f electrons during the 
lithography process, especially when the pitch o f the grating is in the submicroh range 
[31, 61, 75],• .■ i].
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Hence, to produce a grating coupler which has an high output efficiency, sawtooth 
blazed gratings using the angled Ar ion beam technique and rectangular grating 
couplers incorporating a reflective buried oxide layer in the SOI were fabricated.
Our couplers were designed using perturbation theory (Appendix B) where the output 
efficiencies o f  variable grating profiles such as non-ideal blazed, right-angled blazed 
and rectangular with various grating heights can be predicted. The output efficiency 
o f  a SOI rectangular grating coupler was predicted to have o f the order o f 70 % 
towards the superstrate with optimum grating height [56]. This high output efficiency 
towards the surface is due to the high refractive index difference between the 
air/Si/Si02 interfaces o f  the SOI waveguide which causes the reflected wave from the 
oxide layer to interfere constructively with the incident guided wave [20-21]. The SOI 
sawtooth blazed grating with optimum grating height was predicted to have an output 
efficiency o f  the order o f 90 % towards the substrate. The non-ideal second slanting 
slope o f  the blazed grating was known to increase the output efficiency towards the 
substrate. Hence it is convenient to fabricate our rectangular and blazed gratings to 
have their maximum output efficiencies diffract towards the superstrate and substrate, 
respectively.
The gratings for both couplers were designed with a period o f  400 nm for the 
diffraction order o f -1  with the wavelength o f  1.3 pm at TE mode. The corresponding 
input/output beam angles were less than 13° which is convenient for surface-normal 
coupling. The resulting input beam width required was approximately 300 pm based 
on the leakage factor calculation and the grating length was designed to be 1 mm to 
ensure all o f  the light will be coupled out o f  the waveguides.
Unibond wafers were chosen as our SOI material because it allows us to select the 
optimum Si guiding layer and the buried S i02 thickness’ with great flexibility. The 
Unibond SOI had the Si film and buried S i02 layer thickness o f 1.14 pm and 0.67 pm 
respectively, where the buried layer was designed to be a reflective layer to maximise 
output efficiency towards the superstrate.
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Our grating couplers were fabricated at the University o f  Southampton as discussed in 
chapter 5. After the fabrication, four different etch depths o f  Si rectangular gratings 
(0.14, 0.23, 0.3, 0.44 pm) were obtained with a grating period o f  0.4 pm and the Si 
film thickness was 1pm (after surface oxidation). Si sawtooth blazed gratings were 
also successfully fabricated. The blazed gratings were achieved with a blaze angle o f  
(j) at a wafer tilt angle o f (77-<f))0. A  Si blazed profile with a period o f 383 nm and a 
grating height o f 80 nm was obtained at a tilt angle o f 70°. The gratings had a blaze 
angle o f approximately 10° and a near perfect top. The resulting Si film thickness was 
the same as for the SOI rectangular gratings which was 1 pm. To our knowledge, 
these are the first blazed gratings in Si at a pitch o f < 400 nm.
This variable rectangular grating heights were to investigate the effect o f output 
efficiencies upon the grating heights while the shallow blazed grating was to 
maximise the output beam towards the substrate.
The samples were fabricated with input and output couplers at different separation 
distances o f  0.5, 1.0, and 1.5 cm. These variable lengths allowed us to calculate the 
waveguide loss accurately by averaging the propagation losses and this method 
assumes identical coupling for each grating. For the first time, the optical loss o f 0.15 
±  0.05 dB/cm o f Unibond waveguides was measured and it is among the lowest SOI 
waveguide loss reported. This result shows that Unibond material exhibits a good 
quality Si guiding layer which is comparable to that o f  pure Si, allowing optical 
integrated circuits to be fabricated at low cost.
Subsequently, the rectangular grating couplers were measured to have a maximum 
output efficiency o f 71 % towards the superstrate, while the blazed gratings produced 
an output efficiency o f  84 % towards the substrate. In addition, directionalities o f 76 
% and 87 % were also obtained for the above grating profiles respectively. These 
measured output efficiencies are the highest coupling efficiencies yet reported for SOI 
couplers and they can be increased by further optimising the film thickness’ and 
grating height. ;y»i
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In addition, the output efficiency with respect to the grating height was also 
successfully predicted using the perturbation theory with the rectangular grating 
couplers. To our knowledge, this is the first successful theoretical prediction o f 
measured output efficiency with reference to the grating height. Moreover, the blazed 
gratings were also known to exhibit a higher leakage factor and hence a shorter 
coupling length is required than for the rectangular gratings. This has been verified 
experimentally.
Hence, we have shown that although the rectangular gratings have a symmetrical 
profile, when fabricating on SOI with an optimum grating height and a reflective 
buried oxide layer, an output efficiency o f  significantly greater than 50% can be 
achieved.
A summary o f  our work on SOI optical grating couplers is shown in Table 7.1 where 
the major characteristics o f  each coupler is presented.
Table 7.1 Characteristics o f SOI (Unibond) rectangular and blazed couplers with a Si 
film thickness o f 1 pm at the wavelength o f  1.3 pm (TE mode).
Grating 
Height 
(pm ± 10 % )
Measured output 
efficiency
Angular
width
(°)
Output resonance 
angle
(°)
0.14* 71 ± 5  % 0.42 9.50
0.23* 30 ± 5 % 0.45 9.20
0.30* 54 ± 5 % 0.63 8.50
0.44* 60 ± 5 % 0.47 6.00
0.08* 84 ± 5 % 0.54 2.50
* Rectangular gratings with output efficiency towards the superstrate.
# Blazed (Sawtooth) gratings with output efficiency towards the substrate.
145
Therefore, our efficient rectangular output couplers can be used for near-normal 
surface coupling which are commonly utilised in air-to-air optical interconnections 
and grating-coupled surface-emitter lasers (GCSELs) [22], whereas our blazed grating 
coupler can be used for efficient outcoupling to an embedded photodiode or optical 
connections below the waveguides. All these SOI grating couplers can be used as 
input and output devices for coupling light efficiently into and out o f the thin film 
waveguide which can be developed as a fast Si optical modulator. This is discussed 
further in the future work.
In conclusion, we have produced high quality rectangular and blazed gratings in 
Unibond SOI with suitable fabrication recipes. Rectangular gratings, with good 
vertical deep etched profile and various grating heights at a submicron range are 
possible using electron beam lithography followed by reactive ion etching. Good 
asymmetrical blazed gratings in Si with less than half a micron are also able to be 
fabricated with a proven control process using angled Ar ion beam milling. In 
addition, a low optical loss and an excellent quality o f  Si o f Unibond SOI comparable 
to SIMOX and BESOI was reported. Furthermore, thick buried oxide layers (> 0.4 
pm) cannot be produced by the SIMOX process and the epitaxial growth o f Si for 
thick layers in SIMOX is costly. Both BESOI and SIMOX are less precise in 
fabricating a given film thickness o f either Si and Si02 than Unibond. Hence, 
Unibond SOI provides an alternative for optical integrated circuit manufacture at low 
cost with flexibility in the variation o f Si and S i02 thickness’ . It has also been shown 
that the experimental output efficiencies o f the SOI grating couplers with various 
grating heights are consistent with the perturbation predictions. Therefore, this theory 
can be used to design optimum grating heights and film thickness’ with an acceptable 
accuracy better than the fabrication tolerance ( - 1 0  nm). The main limitations o f  this 
project are the repeatability o f the exact grating profiles (Grating depth and pitch) 
which requires stringent monitoring o f the etch profile in Si. This is time consuming 
and requires the sample to be repeatedly taken out o f the dry etching chamber to 
examine the etched depth. Moreover, a variation o f grating depth and film thickness 
o f the order o f 10 nm will result in a change o f  output efficiency o f  > 5%. This is due 
to the large refractive index differences at the SOI interfaces. In addition, there are not 
enough data points (Different grating heights and film thickness in SOI rectangular 
and blazed gratings) to confirm the absolute accuracy o f the perturbation theory.
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Furthermore, the repeatability o f the fabrication process is not reaffirmed and hence it 
would have been desirable to fabricate more grating samples. Whilst the e-beam was 
used to fabricate symmetrical gratings, it was unsuccessful in fabricating blazed 
profiles, probably due to electron scattering. However, if larger pitches were required, 
o f the order o f 1 pm and above, the direct e-beam writing process would be more 
successful.
7.3 Future work
For future research work, a grating-assisted coupler thin-film SOI waveguide is 
proposed as shown in Fig. 7.1.
air
Thick Si02 layer
Pi
....^
J X T U X n U T J lJ l-n - ,. ......... - n a n .  1 1  n  a n  n
Input coupler Si P2 Output coupler
Si02 buried layer
Si substrate
Fig. 7.1 Grating-assisted coupler thin-film SOI waveguide for fast speed modulation.
The thin Si film has the potential for the development o f an higher speed modulator 
and yet is robust enough for easy coupling to external devices such as single-mode 
fibres with the deposited thick oxide cladding layer. The top oxide layer can be o f the 
order o f 10 pm to match the core thickness o f  a fibre. Light propagating in the oxide 
cladding can be coupled into the Si guiding layer when the phase-matched condition 
o f the two layers is met. That is:
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where Pi and p2 are the propagation constants o f  the beam propagating inside the 
oxide cladding and Si guiding layer, respectively, and d is the period o f  the first order 
gratings.
The propagation constants, pi and p2 are then given as:
P ,  =  N , k o  ( 7 . 2 )
p 2 =  N 2ko  ( 7 . 3 )
where Ni and N2 are the effective refractive index o f the S i02 cladding layer and the 
Si guiding layer respectively and
ko = 2n/X ( 7 . 4 )
where X is the free space wavelength.
Substituting equations 7 . 2 ,  7 . 3  and 7 . 4  into equation 7 . 1 ,  the grating period, d, is given 
by:
X
|N, “ Nj
( 7 . 5 )
Hence, at X = 1.3 pm, Ni ~ 1 .4 5  for Si02 and N2 ~ 3 . 5  for Si, the grating period, d, is 
~ 0.65 pm, depending on the Si and Si02 thickness’ .
With the experience accumulated through this project and due to the time constraints, 
there are several suggestions which could improve the future research work o f grating 
couplers:
1) The back face o f the substrate o f the SOI wafers can be polished and coated with 
an antireflection layer to minimise the scattering o f the transmitted beam so that the 
measured output efficiency o f the grating couplers can be determined more 
accurately.
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2) Our rectangular grating surface can be coated with a layer o f S i02 followed by a 
dielectric layer o f Si3N4, with appropriate thickness’ using a multilayered effective 
index algorithm and a reflecting dielectric layer on the substrate surface, to increase 
the output efficiency towards the superstrate to more than 71 %. This concept can also 
be applied to blazed grating couplers to improve the output efficiency towards the 
substrate to more than 84 %. In addition, the film thickness and the grating height can 
be further optimised during fabrication (with precise etch rate) to obtain maximum 
output efficiency.
3) The grating profiles and the depths o f the rectangular and blazed gratings can be 
determined more precisely with the use o f AFM (Atomic Force Microscopy, see Fig.
2.8 on page 20 [61]). This will minimise the uncertainty in the grating height and 
hence increase the accuracy o f output efficiency predictions with reference to the 
grating height.
4) The output efficiency o f the grating couplers and the waveguide loss can be 
measured for TM polarisation and at a different wavelength o f 1.55 pm, to 
characterise and understand further the grating couplers. The input coupling 
efficiency can also be improved by optimising the incident beam width.
5) The fabrication o f parallelogramic blazed gratings can be attempted using angled 
ion beam etching without the Faraday cage to obtain an high output efficiency 
towards the superstrate.
6) Grating couplers can be fabricated with taper structures on rib waveguides with 
single-mode operation.
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Appendix A
program mode_profile (input, output); 
const
pi=3.14159265358979; 
nitn=1000;
Eg=l.0; 
var
n c , n g , n s , wave,rmda, 
error,h, he, kxeff, kygo, 
resO, resl, beta, rest, 
sign, kyg, rmdang, betasq, 
neff, neffg, neffL, width, 
rmdanc, kyc, rmdans, Nwg, 
kys, y, clad, core, sub :real; 
i :integer;
function residy(beta:real):real; 
var
bet2, dng, dngf, 
dnc, dncf, dns,
dnsf, atnl, atn2, atn3 : real; 
begin
bet2:= beta*beta; 
dng:- ng * rmda; 
dngf:= dng*dng - bet2; 
dnc:= nc * rmda; 
dncf:= bet2 - dnc*dnc; 
dns:= ns * rmda; 
dnsf:= bet2 - dns*dns; 
atnl:= arctan(sqrt(dncf/dngf)); 
atn2:= arctan(sqrt(dnsf/dngf)); 
atn3:= h*sqrt(dngf); 
residy:= atn3-atnl-atn2; 
end;{function}
procedure y_bisection; 
var
betO, betl : real; 
begin
betO:= rmda*ns; {lower bound value for beta} 
betl:= rmda*ng; {upper bound}
i : = 0;
rest: ~ -1.0; • 
while ( (icnitn) and (abs(rest)>error) ) do 
begin "''' * 
i :=i+l;
resO:=residy(betO);
E ffective Index M ethod (EIM ) fo r  rib  waveguides [35]:
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resl:=residy(betl); 
beta:=0.5*(betO+betl); 
rest:=residy(beta); 
sign:=rest*resO;
writeln(i,' ',beta:20, rest:20:10); 
if(sign>0.0)then 
betO:=beta 
else
betl:=beta 
end{while}; 
betasq:= beta*beta; 
rmdang:= rmda * n g ;
kyg:= sqrt(rmdang*rmdang - betasq); 
neff:= sqrt(ng*ng -kyg*kyg/rmda/rmda); 
writeln; 
end;{procedure}
function residx(beta:real) :real; 
var
bet2, dneffg, dneffgf, 
dneffL, dneffLf, atnl, atn2 : real; 
begin
bet2:= beta*beta;
dneffg:= neffg*rmda;
dneffgf:= dneffg*dneffg - bet2;
dneffL:= neffL*rmda;
dneffLf:= bet2 - dneffL*dneffL;
atnl: =
2*arctan(neffg/neffL)* (sqrt(dneffLf/dneffgf)); 
atn2:= width*sqrt(dneffgf); 
residx:= atn2-atnl; 
end;{function}
procedure x_bisection; 
var 
betO, betl, 
rmdaneffg : real; 
begin 
bet0:= rmda*neffL; 
betl:= rmda*neffg; 
i:= 0; 
rest:= 1.0;
while ( (i<nitn) and (abs(rest)>error) ) do 
begin 
i :=i+l;
resO:=residx(betO); 
resl:=residx(betl); 
beta:=0.5*(betO+betl); 
rest:=residx(beta); 
sign:=rest*res0 ;
writeln ( i, ' ' 7beta: 20, rest:20:10);
if(sign>0.0)then 
betO:=beta 
else
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betl:=beta 
end{while>; 
writeln;
rmdaneffg:= rmda*neffg;
kxeff:= sqrt(rmdaneffg*rmdaneffg - beta*beta);
Nwg: = sqrt(neffg*neffg -kxeff*kxeff/rmda/rmda); 
end;{procedure}
{main}
begin
write('Input values for nc, ng, and ns of the rib 
waveguide please : ' ) ;
readln(nc, ng, ns); 
writeln;
write('Input the centre core height please : ' ) ;
readln(h); 
hc:= h/2.0; 
writeln;
write('Input the operating wavelength please : ');
readln(wave);
writeln;
write('Input the desired ERROR limit please : ');
readln(error);
writeln;
rmda:= 2*pi/wave;
{resO:=residy(betO); 
resl:=residy(betl); 
while (res0*resl>0.0) do 
begin
writeln('Betal & beta2 have the same sign, try 
again!');
write('Input two initial guess values for betal & 
beta2 : ');
readln(betO, betl); 
end{while;} 
y__bisection; {call procedure} 
writeln;
writeln('At the centre, beta = ':41,beta:20);
writeln;
neffg:= neff;
writeln('and neffg = ':42,neffg:5:4);
writeln;
writeln;
writeln;
write('Input the height of the outer slab please : ');
readln(h);
writeln;
y_bisection; {call procedure for side height} 
writeln;
writeln('At the sides, beta = 1:40,beta:20); 
writeln;■ 7■ • 
nef fL :-= "nef f ;
writeln('and neffL = ':41,neffL:5:4); 
writeln;
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writeln;
writeln;
write('Input the width of the rib waveguide please
' ) ;
readln(width); 
writeln;
x_bisection; {call procedure to cal. Nwg}
writeln;
writeln;
writeln;
write('Therefore the overall effective'); 
writeln(' refractive index, Nwg = ':20,Nwg:5 :4); 
writeln;
write('and effective beta = ':56, beta:20);
writeln;
writeln;
writeln;
{mode profile} 
rmdang:=rmda*ng; 
kyg:= kxeff;
kygo:=sqrt(rmdang*rmdang - beta*beta); 
rmdanc:= rmda*nc;
kyc:= sqrt(beta*beta - rmdanc*rmdanc); 
rmdans:= rmda*ns;
kys:= sqrt(beta*beta - rmdans*rmdans); 
y : = -4.0*hc;
writeln('kyg = ',kyg:12); 
writeln('kygo = ',kygo:12); 
writeln('kyc = ',kyc:12); 
writeln('kys = ',kys:12); 
writeln; 
writeln; 
writeln; 
repeat 
begin
if (y>hc) then 
begin
clad:= Eg*cos(kyg*hc)*exp(-kyc*(y-hc)); 
writeln(y:5,' ', clad:10);
end{if} 
else
if (y<-1.005*hc) then 
begin
sub:= Eg*cos(-kyg*hc)*exp(kys*(y+hc)); 
writeln(y:5,' sub:10);
end{if} 
else
begin
core:= Eg*cos(kyg*y); 
writeln(y:5,' ', core:10);
end{if} • •
end;{repeat} '■ 
y:= y + 0.25e-6; 
until(y>(4.0*hc));
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readln; 
end(main).
Appendix B
Improved Perturbation Analysis for Predicting Output Efficiency of 
Arbitrary Waveguide Grating Profile [56]:
Maple program:
pi:=3.141592654; { 7 1 }
mu0:=4*pi*10A(-7); {po}
ap_0:=8.8542*10A(-12); {s0}
c:=3*10A8; {Speed o f light}
lambda:=1.3 * 10 A(-6); {Input wavelength}
omega:=(2*pi*c)/lambda; {©}
ap„a:=1; { Input air refractive index}
ap_f:=3.505A2; {Input Si film refractive index square}
ap_r:=ap_f; (Input Si grating refractive index square}
ap_s:=1.447A2; {Input Si02 buried layer refractive index square}
N:=3.45; {Input effective refractive index o f  waveguide with gratings}
tg:= 0.15* 10A(-6); {Input grating height}
tfl:= 0.91 * 10A(-6); {Si film thickness -  Grating height}
d:=0.40*10A(-6); {Input grating period}
d0:=d/2; {Input parameter for grating profile, see chapter 3}
d2:=0; {Input parameter for grating profile, see chapter 3}
dl:=d/2; {Input parameter for grating profile, see chapter 3}
ng:=evalf(sqrt((ap_a+ap_r)/2)); {Average refractive index o f  gratings}
{Main perturbation program} 
tgBj:=d/(sqrt((ng+N-lambda/d)/(ng-N+lambda/d))); 
tgBt:=lambda/sqrt(ng*ng-(N-lambda/d)A2); 
z:=l;
K:=0; "
n:=-l;
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ap_g:=ap_a+(ap_r-ap_a) * (d 1+d0)/(2 * d);
ap_n:=((ap_r-ap_a)/(I*2*pi*n))*(exp(-I*2*n*pi*d2*z/(tg*d))-exp((-
I*2*n*pi*(d0+d2-d 1 )*(z/tg)+d 1 )/d));
cycle:=lambda/sqrt(ap_g-(N-lambda/d)A2);
tg_star:=lambda/(2*pi*sqrt(NA2-ap_g));
k0:=(2*pi)/lambda;
phi:=arcsin(N-lambda/d);
telf:= tf+l/(kO*sqrt(NA2-ap_a))+l/(kO*sqrt(NA2-ap_s));
betaO:=N*kO;
beta_n:=beta0+(2*n*pi)/d;
ko:=sqrt(kOA2*ap_g-betaOA2);
ka:=sqrt (kO A2 * ap_a-beta_n A2);
kg:=sqrt (kO A2 * ap_g-bet a_n A2);
kf:=sqrt(kOA2*ap_f-beta_nA2);
ks:=sqrt(kOA2*ap_s-beta_nA2);
Ya:=ka/(omega*muO);
Yg:=kg/(omega*muO);
Yf:=kf/(omega*muO);
Ys:=ks/(omega*muO); 
rf_minus :=( Y f-Y s)/( Y f+Y s);
rg_minus:=(( Y g-Y f)+( Y g+Yf):frf_minus*exp(I*2*kf*tf))/(( Y g+Y f)+( Y g- 
Yf)*rf_minus*exp(I*2*kft:tf)); 
rg_plus:=( Y g-Y a)/(Y g+Y a);
rf_plus:=(( Y f-Y g)+( Y f+Y g) *rg„plus*exp(I*2*kg*tg))/(( Y f+Y g)+( Yf-
Yg)*rg_plus*exp(I*2*kg*tg));
rho:=(ln(rf_plus))/(-2*I);
C:=((exp(Prho))*cos(rho))/(l+rg_plus*exp(I*2*kg*tg));
ICnl :=2*n*pi*d2/(tg*d);
Kn2:=2*n*pi*(d0+d2-dl)/(tg*d);
G_plus:=-(omega*ap_0*(ap_r-ap_a))/(2*Yg*I*2*pi*n)*((K-l)*((l-exp(I*tg*(ko-kg-
Knl)))/(ko-kg-Knl)-(exp(-I*2*n*pi*dl/d)*(l-exp(I*tg*(ko-kg+Kn2)))/(ko-kg“
Kn2)))+((K+l)*rg_plus*exp(I*2*ko*tg))*((l-exp(-
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Ptg*(ko+kg+Kjil)))/(ko+kg+KhlHexp(-P2*n*pi*dl/d)*(l-exp(-
I*tg*(ko+kg+Kn2)))/(ko+kg+Kn2))));
G_minus:=-(omega*ap_0*(ap_r-ap_a))/(2*Yg*P2*pi*n)*((K+l)*((l-
exp(Ptg*(ko+kg-Knl)))/(ko+kg-Knl)-(exp(-P2*n*pi*dl/d)*(l-
exp(Ptg*(ko+kg+Kn2)))/(ko+kg-Kn2)))+((K-l)*rg_plus*exp(P2*ko*tg))*((l-exp(-
I*tg*(ko-kg+Kjil)))/(ko-kg+Khl)-(exp(-I*2*n*pi*dl/d)*(l-exp(-I*tg*(ko-
kg+Kn2)))/(ko-kg+Kn2))));
R :=1 -rg_plus*rg_minus*exp(P2*kg*tg);
U_0_minus:=((G_plus*rg_plus*exp(P2*kg*tg))-G_minus)/R;
U_tg_plus:=((G_plus-rg_minus*G_minus)*exp(Pkg*tg))/R;
pa:=(l-(abs(rg_plus))A2)*(abs(U_tg_plus))A2*Re(Yg);
ps:=(l-(abs(rg_minus))A2)*(abs(U_0_minus))A2*Re(Yg);
g_g:=((K-1)/(K +1 ))*((ko+kg)/(ko-kg));
B:=l/(2*abs(R)A2)*((l-abs(rg_nmus)A2)*abs(l-rg_plus*g_g*exp(P2*kg*tg))A2+(l-
abs(rg_plus)A2)*abs((rg_minus-g_g)*exp(P2*kg*tg))A2);
alphat_para_smaU:=(2 * (ap_f-N A2) (ap_r- ap_a) A2)/(N* (ap_f-
ap_a)) * (cycle/teff) * (tg/lambda) A2;
P:=1.5 * (betaO/(omega*muO))*teff;
alpha_large:=lambda*((B/(4*Yg*P))*(abs((K+l)*(omega*ap_0*ap_n*cos(rho))/(ko+
kg)))A2);
alphaT_const:=(((ap_f-NA2)*(ap_r-ap_a)A2)/((2*piA2*N*(ap_f-ap_g))*(2*N-
(lambda/d)))*(d/(lambda*teff)*cycle))/(lambda*10A6);
Coupling_length:= (l/alphaT_const)*10A(-6); {Find optimum grating length} 
Coupling_angle:=(phi/pi)* 180; {Find optimum beam angle}
Full_beam_width:=1.36*Coupling__length*cos(phi); {Find optimum input beam angle} 
Efficiency_air: =pa/(pa+ps); {Find predicted output efficiency towards surface} 
Efficiency_sub:= 1-Efficiency_air; {Find predicted output efficiency towards 
substrate}
{Program output} 
pi := 3.141592654 
muO :=.1256637062 10 5 
ap_0 := .8854200000 10"n
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c := 300000000 
lambda := .1309000000 10'5 
omega := .1439996633 1016 
ap_a := 1
ap_f := 12.285025 
ap_r := 12.285025 
ap_s := 2.093809 
N := 3.434
tg := .1500000000 10‘6 
tf := .9100000000 106 
d := .4000000000 10‘6 
dO := .2000000000 10'6 
d2 := 0
dl := .2000000000 10"6 
ng := 2.577307219 
ng := 2.865
tgBj := .3780531311 10'6 
tgBt := .4576211841 10'6 
z := 1 
K := 0 
n := -1
ap_g := 6.642512500 
ap__n :=-1.165147199 I 
cycle := .5088945236 10'6 
tg_star := .9180424485 10*7 
kO := .4799988776 107 
phi := . 1622104174 
teff := .1040313378 10‘5 
betaO:=.1648316146 108 
beta„n := 775198.19 
ko 1089274251 108 
k a := .4736977942 107
kg := . 1234673399 108
kf := . 1680609176 108
ks := .6902188169 107
Y a := .002617761171
Yg := .006823084511
Y f := .009287426492
Y s := .003814305324
rf_minus := .4177402837
rg_minus := .1190191887 - .32769190241
rg_plus := .4454392627
rf_plus := -.2274968132 - .2608266532 I
rho := 1.144023286 - .5305134865 I
C := -1.211383586 + 1.285336562 I
Knl := 0
Kn2 := 0
G_plus := .1780456093 - .1533951877 I 
G_minus := -.1780456091 - .1533951877 I 
R := 1.122684988 - .09521233664 I 
U_0_minus := .05323271602 + .1549643898 I 
U_tg_plus := .08114659585 + .2682176382 I 
p a := .0004294773540 
p s := .0001609184493 
g_g := .1246432631 + .9922016211 I 
B := .8340745540
alphat_para_small := .00008046452848 
P : = .  1421427176 10*7 
alpha_large := .001100187578
alphaT_const := .005210060000
Coupling_length := .0001919363693
Coupling_angle := 9.293972308
159
FuU_beam_width := .0002576068008 
Efficiency_air := .727439713 
Efficiency_sub:= .272560287
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